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Abstract

Atomic-scale Cryogenic Electron Microscopy Imaging of Synthetic Polymers

by

Morgan Elizabeth Seidler

Doctor of Philosophy in Chemical Engineering

University of California, Berkeley

Professor Nitash Balsara, Chair

Materials engineering depends on a thorough understanding of the structure-property re-
lationships in order to rationally design better materials. In polymer science, information
about the structure of the material generally comes from scattering techniques, such as wide
angle X-ray scattering or neutron scattering. These scattering experiments produce informa-
tion about the material’s structure in reciprocal space, so there can at times be ambiguity
in the results when transitioning to real space. Transmission electron microscopy (TEM)
is widely used in the materials science community to produce direct, atomic-scale images
of hard materials. However, special techniques are needed to image polymeric materials
with TEM due to the inherent radiation sensitivity in these soft materials. A series of tech-
niques termed cryo-EM have been developed by the structural biology community to produce
atomic-resolution images of proteins. Cryo-EM has only sparingly been applied to synthetic
polymers, yet it is a promising tool to advance polymer science.

This dissertation focuses on the application of cryo-EM techniques to study the atomic
structure of synthetic polymers. The atomic-scale images of the polymers are combined
with other material characterization data, molecular dynamics simulations, and TEM image
simulations in order to understand the governing interactions that control self-assembly at
the atomic level. The direct, atomic-scale imaging of synthetic polymer materials serves to
advance material engineering by uncovering the structure-property relationships starting at
the atomic scale.

Chapters 2, 3, and 4 provide detailed studies in using polypeptoids, which are synthetic
polymers with a monomer unit similar to peptides, to uncover the effect of single atom
substitutions, ionic interactions, and fixed charges on the self-assembly of these materi-
als. Polypeptoids are a great model system to study self-assembly because their unique
submonomer synthesis method grants the ability to precisely vary single atoms within the
polymer structure. Chapter 2 starts with using this ability to study the effect of halogen
substitutions on the self-assembly and crystal motifs of polypeptoid nanosheets. Chapter 3
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investigates the effect of fixed charges and condensed counterions in polypeptoid nanofibers.
Chapter 4 details an investigation into the effect of fixed charges and charge density on
polypeptoid self-assembly.

Chapter 5 applies the same cryo-EM techniques to a conventional diblock copolymer in
poly(ethylene oxide)-b-polystyrene (SEO). New synthetic routes were established to create
single crystals of SEO with a lithium salt whereby the lithium salt was fully incorporated
in the crystal. The single crystals of SEO were imaged with atomic-scale resolution to
study how the arrangement of polymer chains changes in response to different amounts of
lithium salt. Image simulation based on known crystal structures was used to bring greater
understanding to the atomic-scale images.
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If I am occasionally a little over-dressed, I make up for it by being always immensely
over-educated.

- Oscar Wilde, The Importance of Being Earnest
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Chapter 1

Introduction

The core principle of materials science is to study how a material’s structure and processing
impact its properties and function [1]. To this end, it is vital to determine the structure of
a material across length scales in order to understand the structure-property relationships,
and therefore engineer better materials. In the field of polymer science, it can be difficult to
directly determine the structure of these materials at the atomic-level due to inherent dis-
order and sensitivity to radiation damage. The most common method to gain atomic-scale
information about polymers is through scattering techniques [2–5]. Scattering techniques
produce incredibly valuable information about the structure of polymers in reciprocal space,
yet the lack of direct information in position space can lead to ambiguities in deciphering
the true atomic structure. Additionally, scattering techniques produce information about the
material’s bulk structure and heterogeneous structures may be averaged together. Trans-
mission electron microscopy is an imaging technique that is widely and regularly used to
produce direct, atomic-scale images of hard materials, yet it is rarely applied to study poly-
mers due to the high radiation sensitivity of soft materials [1, 6–8]. A set of techniques
called cryo-EM (or cryogenic transmission electron microscopy) has been developed by the
structural biology community to primarily produce high resolution images of proteins [9]. It
was only in 2017 that this set of techniques was first applied to image the atomic structure of
synthetic polymers [10]. The purpose of this dissertation is to further develop the application
of cryo-EM to a variety of synthetic polymers in order to study polymer self-assembly and
ion-polymer interactions via direct atomic-scale images.

1.1 Cryogenic Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an imaging technique where an electron beam
is transmitted through a material to produce high resolution images of the material [1]. The
nominal magnification is directly related to the energy of the electron beam. Therefore, very
high energy electrons are needed to produce high resolution images [11]; yet when a polymer
or other soft material is exposed to the high energy beam it is damaged very quickly by the



CHAPTER 1. INTRODUCTION 2

radiation from the beam [12, 13]. There are two main types of beam damage: knock on
damage and ionization damage [14]. Imaging soft matter with electrons at 300 keV provides
the best trade-off between these types of damage and is the standard operating conditions
for high resolution imaging of soft materials [12, 13, 15, 16].

In order to minimize beam damage, a few techniques have been adopted. First, the
sample to be imaged is cooled to around -170 °C to increase the radiation resistance of the
sample and limit ionization damage [17, 18]. Then specialized instrumentation and data
collection protocols are used in order to minimize the exposure of the sample to the electron
beam [19]. Direct electron detectors are capable of capturing single electron events with
millisecond time precision. The data that is collected is in the form of multiframe movies,
where each frame of the movie typically has a total electron beam exposure of 1 e−/Å2. The
advantage of collecting movies is that small motions can be corrected for, such as stage drift
due to thermal gradients or sample movement from exposure to the electron beam [20, 21].

In the first step of data analysis, each frame in the movie is aligned to correct for the
small spatial movement between frames, thereby improving the resolution [20]. It is common
practice to use dose-weighting in this alignment process so that the initial frames where the
sample has been exposed to a lower number of electrons are weighted higher than later frames
which may have more radiation damage [20, 22]. The first step in analysis of the aligned
images is to correct for the contrast transfer function (CTF) [1]. CTF correction accounts for
image distortions caused by defocus and the spherical aberrations in the TEM and corrects
for these distortions so that they don’t affect the final image [23, 24]. Next, a machine
learning algorithm is used to identify the locations of the particles and differentiate between
the sample and the rest of the image. Oftentimes the user first manually determines the
positions of the particles, or sample, in order to train the algorithm. Then, small boxes are
extracted from the images at the position of the particles. These boxes are then entered into
the 2D classification algorithm [22, 25, 26]. This algorithm uses an iterative optimization
technique to average the boxes together and divide them in to classes based on shared
features, thereby producing images in much higher resolution than what is seen in the input
boxes. Additionally, this averaging and classification procedure can identify heterogeneity
in the input boxes and separate them into different classes [10, 27]. The 2D images reported
in this dissertation are the result of this 2D classification procedure.

1.2 Crystalline Diblock Copolymers

1.2.1 Polypeptoids

Peptoids are a class of synthetic molecules that have a structure similar to peptides, but the
side chain is appended to the amide nitrogen rather than the α -carbon [28, 29]. Peptoids
lack hydrogen bond donors on the backbone; therefore, interactions between the side chains
are the dominant intermolecular interaction [30]. Peptoids also are not chiral, which makes
it easier to design peptoids with targeted crystal structures.
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Diblock amphiphilic polypeptoids can self-assemble into highly ordered nanostructures,
such as two-dimensional nanosheets and one-dimensional nanofibers. The nanosheet struc-
ture has been widely studied for applications in self-repairing membranes [31], serving as
a scaffold for protein recognition [32], and sensing toxic chemicals in live cells [33]. The
nanofiber structure has been studied previously for applications in templating silica fila-
ments [34]. It is of great interest to learn more about the self-assembly of polypeptoids so
that molecules can be designed to target specific nanostructures a priori.

1.2.2 Poly(ethylene oxide)-b-polystyrene

Poly(ethylene oxide) (PEO) has been widely studied for applications as an electrolyte in
lithium battery systems [35–37]. PEO has good electrochemical properties, is nonflammable,
and is stable against lithium metal [35, 38]. Conventional liquid electrolytes are not stable
against lithium metal; therefore, using PEO as an electrolyte could enable higher energy
density batteries by substituting lithium metal for a graphite anode.

Previous work has been done on using a diblock poly(ethylene oxide)-b-polystyrene
(PEO-PS or SEO) copolymer as both an electrolyte and separator in a lithium battery
[39–41]. The PEO block is ionically conductive, while the PS block is mechanically rigid
and blocks dendrite growth. Previous studies have used X-ray scattering to connect the
morphology in a bulk sample to the transport properties and electrochemical performance
[38, 42]. Other work has used computer simulations to study the atomic-scale structure
and connect it to transport properties [43]. In order to continue improving polymer elec-
trolytes for battery applications, a more thorough understanding of the structure-transport
relationships for these materials is needed.

1.3 Structure of the Dissertation

This dissertation presents atomic-scale cryo-TEM images and characterization data of a
variety of synthetic polymers.

Chapter 2 starts by investigating the effect of halogen atoms and halogen bonding in the
self-assembly of diblock copolypeptoid nanosheets. The unique ability of covalently bonded
halogen atoms to participate in halogen bonds can significantly change the crystal motifs in
polypeptoid nanosheets. The effect of bound charges is further explored in Chapters 3 and 4.
Chapter 3 uses a model polypeptoid nanofiber to study counterion condensation, a phenom-
ena that is unique to highly charged polymers. The images in Chapter 3 are the first images
ever produced (to my knowledge) of a cloud of unbound counterions near a charged polymeric
surface. Further analysis on the images reveal the experimentally determined counterion dis-
tribution and a measurement of the population of condensed counterions. Chapter 4 uses a
model system to systematically vary the relative amount of charges in a polypeptoid system
to investigate precisely how bound charges affect self-assembly. Finally, Chapter 5 is devoted
to a conventional diblock copolymer - SEO. In this chapter, SEO single crystals with and
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without a lithium salt are synthesized and imaged at the atomic scale. The images are com-
pared to known crystal structures of PEO to investigate how the polymer chains rearrange
themselves with different concentrations of lithium salt.



5

Chapter 2

Halogen Bond Effects in Polypeptoid
Nanosheets 1

2.1 Introduction

Crystal engineering depends on control over interactions such as hydrogen bonding, dipolar
interactions, π − π interactions, and van der Waals interactions to name a few [44–47]. In
spite of significant progress, it is not yet possible to design molecules that would yield a
targeted crystal structure due to uncertainties in our knowledge of the relative importance
of the multitude of relevant nonbonded interactions. It has long been known that crys-
tals containing halogen atoms in close proximity pack differently from crystals devoid of
them [44–46]. The most prominent feature of halogen atoms is their high electronegativity
[48]. Following the pioneering work of Hassel [45] and others, there is, however, a growing
recognition of the importance of halogen bonding in crystal engineering. Covalently bonded
halogen atoms (chlorine, bromine, and iodine) tend to polarize and form an area of positive
electrostatic potential on their surface along the direction of the covalent bond—this region
of positive potential is called a σ -hole [49]. The σ-hole was recently imaged experimentally
with Kelvin probe force microscopy to see the spatial distribution of positive and negative
potentials on a covalently bonded bromine atom[50]. This anisotropic charge distribution
allows halogen atoms to interact favorably with other electron-dense species. The strength
of these interactions can be easily tuned by varying the neighboring atoms near the halogen
[48], resulting in typical halogen bond strengths of approximately 1 - 5 kcal/mol [49]. In
spite of this, many crystals compromising halogen atoms in close proximity do not contain
halogen bonds [51–53].

Two halogen atoms dressed with σ-holes and in close proximity can interact attractively
with two dominant motifs, labeled in the literature as type I or type II [44]. The type I motif

1This chapter is adapted from work previously published in Seidler, M., Li, N.K., Luo, X., Xuan, S.,
Zuckermann, R.N., Balsara, N.P., Prendergast, D., and Jiang, X. Importance of the Positively Charged
σ-Hole in Crystal Engineering of Halogenated Polypeptoids. J. Phys. Chem. B 2022, 126, 22, 4152–4159.
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is symmetric, and the line segments connecting the carbon and halogen atoms in adjacent
nonbonded halogen atoms are parallel. The type II motif is not symmetric, and the line
segments connecting carbon and halogen atoms in adjacent nonbonded halogen atoms are
at an angle greater than 30°; they are often orthogonal to each other. The term “halogen
bond” only applies to the type II motif [44]. In their authoritative review, Mukherjee, et
al. write “Type I is a geometry-based contact that arises from close packing and is found
for all halogens. It is not a halogen bond” [44]. Establishing the underlying driving forces
underlying the motifs is, however, non-trivial. Some models suggest that the motifs are driven
by specific attractive forces along specified directions while others suggest the importance
of nonspherical shapes arising from polar flattening [44]. It is thus not clear if the observed
motifs arise due to increased attraction or reduced repulsion.

Peptoids are synthetic molecules similar to peptides with side chains appended to the
amide nitrogens rather than the alpha carbons [27, 54]. They lack hydrogen bond donors
on the backbone, making it easier to engineer peptoids with tunable properties since the
intermolecular interactions between the side chains are of primary importance [55]. In this
study, we present the crystal structures from three different peptoids in which the para-
substituent on the aromatic side chain varies from hydrogen, to chlorine, and to bromine.
In the crystalline state, adjacent polypeptoid molecules adopt V-shaped configurations, but
adjacent V-shaped configurations can be either parallel or antiparallel, depending on chemical
composition [56]. They are excellent model systems for studying halogen-halogen interactions
as in the parallel configuration, the halogens adopt the type II motif, while in the antiparallel
configuration, the halogens are in the type I motif. We determine the geometry of the
halogen-halogen interactions in our system from atomic-scale images obtained by cryogenic
transmission electron microscopy (cryo-TEM).

Molecular dynamics (MD) simulations were employed to study the relationship between
intermolecular interactions and crystalline motifs. In the study of large, complex systems,
the computational cost of molecular dynamics often dictates the use of empirical force fields
which are not polarizable and, therefore, cannot account for the anisotropic charge distribu-
tion on a covalently bonded halogen atom [57]. One compromise employs force fields wherein
the σ-hole is represented as a static, positive point charge attached to the halogen atom at
a defined distance from the center of the halogen atom along the carbon-halogen covalent
bond axis [58]. This is a common approach for studying the halogen bond [59–62], one that
we use in this study. The importance of the σ-hole was assessed by comparing the simulation
results with experimentally determined crystal structures. Our simulations show that the
stability of both parallel and antiparallel crystals of the halogenated peptoids is similar if
standard force fields that only account for the electronegativity of the halogens are used.
Including the σ-hole, however, destabilizes the type II motif.
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2.2 Experimental

2.2.1 Cryo-TEM

The TEM imaging was done at 300 KeV with a 20 eV energy filter on a Titan Krios G2
(FEI company) for Nte4-Npe6 and Nte4-N4Brpe6, and a JEOL-3200FSC (JEOL Ltd.) TEM
for the Nte4-N4Clpe6 sample. To prepare the aqueous samples for imaging, they were drop
cast on a molybdenum TEM grid with a holey gold film and continuous carbon film, then
blotted using a Vitrobot, before being plunge frozen in liquid ethane and transferred to liquid
nitrogen as is standard for preparing frozen hydrated samples [15]. Then, the vitrified grids
were transferred to the TEM and a low-dose imaging procedure was employed [21]. The
accumulated electron dose was limited to 20 e−/Å2 in order to minimize beam damage and
the dose fractionated movies were recorded using Gatan K2 direct electron detectors.

The movies that were collected during the low-dose procedure were first aligned using
MotionCor2 [20]. In order to reconstruct the atomic-scale images from the series of raw
micrographs, first a crystal unbending procedure implemented in 2dx was used to correct for
the contrast transfer function (CTF) and distortions within the lattice and also determine
the locations of the unit cells [63]. Next, Relion, a single particle analysis software, was
used to extract squares from the unbent micrograph at the locations of the unit cells [24,
25]. Finally, Relion’s 2D reference-free class averaging algorithm was used to classify the
unit cells into a series of classes based on the similarities between the boxes. More than
33,000 boxes (where one box contains approximately ten unit cells along the a direction)
were averaged to reconstruct each atomic-scale image.

2.2.2 Polypeptoid synthesis

The synthesis method for the diblock peptoids is the same as has been described previously
[56]. Briefly, a solid-phase submonomer synthesis method was employed to synthesize the
diblock peptoids, allowing for a highly monodispersed polymer. The resulting polymer was
dissolved at a concentration of 2 mg/mL in a THF/water mixture (50/50 vol%). The THF
was slowly evaporated at 4 °C, and free-floating nanosheets were obtained after a few days.

2.2.3 X-ray diffraction

The nanosheet solutions were deposited on a Kapton window (25-µm thickness) and a rubber
gasket spacer (0.75 cm thickness) with a hole in the center (d = 0.25 inch) was put on top.
Then, the assembly was dried under vacuum and this process was repeated several times
until enough nanosheets were placed on the Kapton window. Then, another Kapton window
(25-µm thickness) was placed on top of the rubber spacer before placing it in the WAXS
holder. WAXS measurements on the nanosheets were performed at Advanced Light Source
(ALS) beamline 7.3.3 located at Lawrence Berkeley National Laboratory.
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Figure 2.1: The chemical structure of the Nte4-Npe6 polypeptoids, with the variable X group
in red (A). A 3-D atomic model of the Nte4-Npe6 nanosheets in solution is shown in (B),
where the amorphous, hydrophilic blocks are teal, the backbone of the aromatic blocks is
white, the phenyl group on the aromatic block is yellow, and the bromine atom is red. The
projection through the a-c plane of this atomic model is shown in (C). The hydrogen atoms
are omitted from these views for clarity.

2.3 Results and Discussion

2.3.1 Chlorine and Bromine Effects

Diblock polypeptoids consisting of a hydrophilic (N -2-(2-(2-methoxyethoxy)ethoxy) ethyl-
glycine) (Nte) monomer and a hydrophobic N -(2- phenylethyl)glycine (Npe) monomer were
synthesized via a solid-phase synthesis method [56]. A block ratio of 4 Nte: 6 Npe was
chosen for this study. The chemical structure of the polypeptoids is shown in Figure 2.1(A),
where the X group (shown in red) at the para position of the phenyl ring in the Npe block is
either hydrogen, chlorine, or bromine. The three polypeptoid block copolymers are referred
to as Nte4-Npe6, Nte4-N4Clpe6 and Nte4-N4Brpe6. Figure 2.1(B) is a 3-D atomic model
of the Nte4-Npe6 nanosheets in solution [56]. The hydrophobic Npe blocks make up the
well-ordered crystalline core of the nanosheets, which consists of the glycine backbone (in
white) and the phenyl side chains (in yellow) with the bromine atom in the para position (in
red). The hydrophilic Nte blocks remain amorphous in aqueous solution, and they are rep-
resented by teal in Figure 2.1(B). Figure 2.1(C) shows the projection through the a-c plane
of the nanosheets, with the a spacing and c spacing denoted. As seen in Figure 2.1(C), the
phenyl side chains adopt a V-shaped formation emanating from the glycine backbone. As
the neighboring columns of V-shaped molecules are flipped relative to each other in Figure
2.1(C), this is referred to as the antiparallel packing configuration. The view through the
a-c plane is what is observed in both high and low magnification TEM images, as shown in
reference [56].

Table 2.1 contains characterization data of the crystalline nanosheets. We begin by dis-
cussing the unit cell dimensions of the crystals at room temperature obtained from wide an-
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Peptoid sheet
nomenclature

X group a spacing,
Å

(WAXS)

a spacing,
Å (cryo-
TEM)

c spacing,
Å

(WAXS)

c spacing,
Å (cryo-
TEM)

Tm (°C)

Nte4-Npe6 H 4.5 4.6 16.2 16.1 93
Nte4-N4Clpe6 Cl 4.5 4.7 17.7 18.9 118
Nte4-N4Brpe6 Br 4.5 4.5 18.2 18.5 145

Table 2.1: Characterization data of polypeptoid nanosheets

gle X-ray scattering (WAXS), and melting temperatures determined by differential scanning
calorimetry (DSC). These data were obtained from dry polypeptoid samples and reported
previously in Xuan, et al. [56]. As seen in Table 1, the a spacing is constant at 4.5 Å
for all sheets, but the c spacing increases when the X group is changed from hydrogen to
chlorine to bromine. For reference, the van der Waals radius of hydrogen is 1.20 Å, that of
chlorine is 1.75 Å, and that of bromine is 1.85 Å. Therefore, the increasing c spacing may
be attributed to the increasing van der Waals radius of the atom in the para-position. The
melting temperature also increases when the X group is changed from hydrogen to chlorine
to bromine. The higher melting temperature of the different sheets may be explained by
greater van der Waals interactions between the heavier atoms. However, additional effects,
such as nonbonded halogen-halogen interactions, may also play a role.

Figure 2.2(A-C) shows bright field TEM images of the dry polypeptoid nanosheets. These
low magnification images indicate that all three polypeptoid nanosheets adopt planar, rect-
angular morphologies. However, more sophisticated TEM imaging techniques are neces-
sary to determine the molecular packing details of the nanosheet lattice. Frozen hydrated
nanosheets were imaged using a low-dose cryo-TEM procedure to preserve their natural state
and to minimize beam damage. The polypeptoid nanosheets, as with most soft matter, are
sensitive to radiation damage when exposed to the high energy electron beam in a TEM.
However, the signal-to-noise ratio is directly dependent on the amount of signal (the number
of electrons)[17]. Using fewer electrons results in noisier images, but limiting the electron
dose is necessary to prevent damage to the structure in materials and preserve high spatial
frequency signals from the crystal lattice. In order to reconstruct an image with atomic
resolution, thousands of raw, noisy images are averaged to recover the high-resolution in-
formation; this is a standard and widely-used practice in the structural biology community
[9]. To briefly describe this technique, first distortions in the crystal lattice are corrected
with 2dx [63], an electron crystallography program. Then Relion [64], a standard single
particle analysis software package, is used to sort and average small sections of the corrected
micrographs, resulting in a final, averaged image. The detailed protocol can be found in our
previous work [10].

The final averaged cryo-TEM images of the nanosheets are shown in Figure 2.2(D-F).
These images show the projection through the a-c plane of the nanosheets (as illustrated
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Figure 2.2: Bright field TEM images of the dry nanosheets formed by Nte4-Npe6 (A), Nte4-
N4Clpe6 (B) and Nte4-N4Brpe6 (C), where the dark areas are the electron dense nanosheets.
Shown below are the averaged experimental cryo-TEM images of the nanosheets formed by
Nte4-Npe6 (D), Nte4-N4Clpe6 (E) and Nte4-N4Brpe6 (F). The light areas correspond to
electron dense regions, where the brightest white spots are the peptoid backbone and the
phenyl groups form the V-shaped structures out to the sides.

in Figure 2.1(C)). The light areas correspond to electron dense regions, where the brightest
white spots are the peptoid backbone and the phenyl groups form V-shaped structures
emanating from the backbone. Figure 2.2(D), the image of the Nte4-Npe6 nanosheets in
which the X group is a hydrogen, shows all of the V-shaped structures pointing in the same
direction. We call this the parallel V-shaped configuration. Figures 2.2(B) and 2.2(C) are the
images of the Nte4-N4Clpe6 and Nte4-N4Brpe6 nanosheets, in which the X group is a chlorine
and bromine atom respectively. In these images, the adjacent V-shaped structures point in
opposite directions. We call this the antiparallel V-shaped configuration. The difference
between the parallel and antiparallel configurations could not be revealed by conventional
X-ray scattering or diffraction techniques due to the lack of direct phase information in
position space. The a and c spacings determined by cryo-TEM are also given in Table 2.1.
The cryo-TEM and WAXS data in Table 2.1 are consistent with each other; minor differences
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are attributed to the differences in sample preparation and environment (wet versus dry and
cryogenic temperature versus room temperature).

We use computer simulations to explore the underpinnings of the crystals shown in Figure
2.2. Quantum mechanical calculations show that the σ-hole occurs at an angle of 180° from
the direction of the halogen – carbon covalent bond, imparting a high directionality to the
resulting intermolecular interactions [49, 65, 66]. Typical force fields used in MD simulations
cannot account for the anisotropic charge distribution of a covalently bonded halogen atom
[60]. One strategy to model the σ-hole is to attach a massless, positive point charge to the
end of the halogen atom. This construct accounts for both the strength and directionality
of the σ-hole [58, 65, 66]. In our simulations, a point charge of +0.05 is used to represent
both chlorine and bromine.

Figure 2.3(A) shows a model of a single diblock polypeptoid chain. The hydrogen atoms
are omitted from Figure 2.3(A) for clarity. The black square in Figure 2.3(A) indicates the
part of this molecule that is enlarged in Figures 2.3(B), 2.3(C), and 2.3(D). Figure 2.3(B)
shows the configuration of the phenyl group with the para-substituted bromine in the Npe
block without the extra point. Figure 2.3(C) shows the same phenyl group with the extra
positive charge in gray attached to the end of the red bromine atom. The line segment
connecting the carbon and bromine atoms is shown explicitly in Figure 2.3(D) as it relates
directly to the geometry of nonbonded halogen-halogen interactions.

Our discussion of simulations focuses on bromine-containing peptoids. Similar results
were obtained with chlorine-containing peptoids as shown in the supporting information.
Two simulations were run for each bromine-containing system: one in which neighboring
polypeptoids were initially arranged in a parallel configuration and a second in an antipar-
allel configuration. The constant area constraint was applied to the a-c plane during MD
production simulations; the a spacing and c spacing were kept the same as the WAXS mea-
surements. For both parallel and antiparallel configurations, the simulation started with
sixteen polypeptoid molecules arranged into four molecules across (the c direction) and four
molecules deep (the a direction). Then, the simulation was started and the molecules were
allowed to relax. Prior studies on non-halogenated peptoids have shown that the internal
energy of the parallel and antiparallel configuration are similar [10, 56].

Figure 2.4(A) displays the arrangement of Nte4-N4Brpe6 polypeptoids placed in the par-
allel configuration before the simulation is started. The box in 2.4(A) designates the side
chains that are enlarged and flipped to show the projection through the a-c plane. The
line segments connecting the carbon and bromine atoms on adjacent peptoid side chains
are orthogonal to each other as is the case with the type II motif (see Figure 2.4(B)). Fig-
ure 2.4(C) indicates the nonbonded internal energy (defined as the sum of electrostatic and
van der Waals contributions) versus time in the MD simulation of the polypeptoids initially
placed in the parallel configuration. As seen in this graph, the parallel configuration is un-
stable and the nonbonded energy increases to +400 kcal/mol after 7 nanoseconds, which is
when the simulation was stopped. Figure 2.4(D) shows a snapshot of the simulation at 7
nanoseconds, demonstrating that the peptoid nanosheet disassembles when placed initially
in the parallel configuration.
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Figure 2.3: An atomic model of a Nte4-N4Brpe6 diblock polypeptoid is shown in (A) where
the amorphous Nte groups are teal, the backbone of the aromatic Npe blocks is white, the
phenyl group on the Npe blocks is yellow, and the bromine atom is red (hydrogen atoms
are omitted for clarity). The black square in (A) indicates the part of the molecule that is
enlarged in panels (B), (C), and (D). Panel (B) shows the phenyl sidechain on the Npe block
without the positively charged extra point. Panel (C) shows the same model except with the
extra point in gray on the end of the bromine atom, indicating the location of the σ-hole.
Panel (D) is the same as (B) with a green line segment collinear with the carbon-bromine
covalent bond.

Figure 2.4(E) displays the arrangement of Nte4-N4Brpe6 polypeptoids initially placed in
the antiparallel configuration. The line segments connecting the carbon and bromine atoms
on adjacent peptoid side chains are parallel to each other as is the case with the type I motif
(see Figure 2.4(F)). Figure 2.4(G) plots the nonbonded internal energy of the simulation box
versus simulation time. When the neighboring polypeptoids are initially placed in the an-
tiparallel configuration, the nanosheet is stable and the nonbonded internal energy fluctuates
in the range between -200 and -400 kcal/mol. Figure 2.4(H) shows the final arrangement of
the relaxed polypeptoids that were initially placed in the antiparallel configuration obtained
after 50 nanoseconds of the simulation. We use a statistical analysis of the simulation results
to quantify the geometry of the nonbonded bromine-bromine interactions. Each simulation
snapshot presents a wide variety of structures that do not neatly fall into the simple cat-
egories shown in Figures 2.4(B) and 2.4(F). We determine the geometry of the nonbonded
bromine-bromine interactions in two steps:

In step one, we identify “interconnected structures” in our simulations. A cutoff dis-
tance, Rcut, was defined as 3 Å to search for the neighboring σ-holes for each halogen atom.
This distance was chosen such that only the nearest neighboring σ-hole was included in the
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Figure 2.4: Results from MD simulations showing the nonbonded internal energy of the
simulation versus time for the Nte4-N4Brpe6 nanosheets. Panel (A) shows the initial con-
formation of the polypeptoids when they are placed in the parallel configuration, and the
black box indicates the region that is enlarged in panel (B). Panel (C) is the nonbonded
internal energy over time for the polypeptoids initially placed in the parallel configuration.
The nanosheet structure disorders after 7 nanoseconds of simulation time, and a snapshot
of the polypeptoids at that time is shown in panel (D). Panel (E) shows the initial position
of the polypeptoids when they are placed in the antiparallel configuration. The red box
indicates the region that is enlarged in panel (F) to demonstrate how the C-Br bonds of
adjacent bromine atoms are parallel to each other in the antiparallel configuration. Panel
(G) shows the nonbonded internal energy over time for the polypeptoids initially placed
in the antiparallel configuration, and this configuration remains stable throughout the 50
nanosecond simulation. Panel (H) is a snapshot of the simulation at 50 nanoseconds.

statistical analysis. An interconnected structure is one where the σ-hole of bromine atom
1 is within a sphere of radius Rcut emanating from the center of bromine atom 2, and the
σ-hole of the bromine atom 2 is within a sphere of radius Rcut emanating from the center of
bromine atom 1. Figure 2.5(A) shows an example of an interconnected structure. Since the
parallel packing configuration disassembles in the simulation timeframe, only the trajectory
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before the nanosheets disassembled was analyzed. The results of our analysis are shown in
Table 2.2. In both parallel and antiparallel configurations, the fraction of bromine atoms
that have at least one nonbonded σ-hole within the radius Rcut is similar (0.509 for parallel
and 0.543 for antiparallel). However, as indicated in Table 2.2, the fraction of bromine atoms
in interconnected structures is different for the two configurations: the interconnected struc-
tures obtained in the antiparallel configuration is a factor of three higher than that obtained
in the parallel configuration. Our analysis suggests that the stability of fluctuating crystals
is related to the concentration of interconnected structures.

Figure 2.5: Analysis of the interconnected structures and additional simulation results. Panel
A is an example of an interconnected structure between the bromine atoms and σ-holes on
neighboring peptoids. Panel B shows the definition of θ1 and θ2 angles. Panel C shows the
distribution of |θ1− θ2| in the antiparallel and parallel configurations. The system exhibits a
type I motif when |θ1− θ2| is less than 15°, is quasi type I/type II when 15° < |θ1− θ2| < 30°
and is type II (a halogen bond) when |θ1−θ2| > 30° [44] The stable antiparallel configuration
shows a type I motif while the unstable parallel configuration shows a quasi type I/type II
motif. Panel D is results from MD simulations of Nte4-N4Brpe6 nanosheets without the σ-
hole (the charge on the extra point was set to zero). The graph shows the nonbonded internal
energy versus time. Both configurations appear stable but the antiparallel configuration
exhibits a lower nonbonded internal energy.
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Packing
configuration

Fraction of bromines having at least
one nonbonded σ-hole within Rcut

Fraction of bromines in
interconnected structures

Parallel 0.509 0.139
Antiparallel 0.543 0.442

Table 2.2: Results of a statistical analysis on the bromine atoms in simulations of Nte4-
N4Brpe6 nanosheets

In step 2, we analyze the interconnected structures to determine if the system contains
type I or type II motifs. Angle θ1 is defined between the carbon atom 1, bromine atom 1, and
bromine atom 2; angle θ2 is defined as the angle between the carbon atom 2, bromine atom 2,
and bromine atom 1 (see Figure 2.5(B)). The absolute value of the difference between these
angles (the value of |θ1 − θ2|) can be used to differentiate between type I and type II motifs.
According to the definition set forth by Mukherjee, et al [44], a type I motif occurs when
|θ1 − θ2| is less than or equal to 15°. A type II motif occurs when |θ1 − θ2| is greater than or
equal to 30°. Intermediate values of |θ1 − θ2| are described as being quasi type I/type II. In
Figure 2.5(C), we show simulation results for the probability of obtaining a particular value
of |θ1 − θ2| as a function of |θ1 − θ2| for both parallel and antiparallel configurations. For
the parallel configuration simulation, the probability of obtaining values of |θ1− θ2| is nearly
constant between 0° and 30° and it falls off to zero between 30° and 50°. If this configuration
were stable, then the nature of nonbonded bromine atoms in peptoids would be classified as
a quasi type I/type II motif. For the antiparallel configuration simulation, the probability
of obtaining |θ1 − θ2| is sharply peaked at 3° and tapers rapidly as |θ1 − θ2| approaches 30°.
We conclude that the brominated peptoids exhibit a type I motif.

In order to examine the effect of other driving forces on nanosheet packing geometry,
additional simulations were run for the Nte4-N4Brpe6 nanosheets. For these simulations, the
charge value for the extra point was changed from +0.05 to 0, thereby removing the effect
of the σ-hole. Again, two simulations were run with the neighboring polypeptoids initially
placed in the antiparallel or parallel configuration, and the nonbonded internal energy over
simulation time is shown in Figure 2.5(D). While the internal energy was lower for the
antiparallel configuration, both the antiparallel and parallel configurations remained stable
over the whole simulation trajectory. The clear distinction in the stability of antiparallel
and parallel configurations is lost when the σ-hole is absent. In addition, the equilibrium
internal energy for the polypeptoids in the antiparallel configuration is much lower when the
σ-hole is present, indicating the interconnected structures have a significant stabilizing effect
(compare Figures 2.5(D) and 2.4(G)).
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2.3.2 Iodine Effects

It has been established through MD simulations that the antiparallel packing configuration
is commensurate with the type I motif and the parallel configuration is so with the type
II [44] (see Figure 2.5). When the Nte4-N4Xpe6 nanosheets have chlorine or bromine as
the X, they exhibit the antiparallel packing and type I motif. When the X is an iodine,
the packing configuration changes to be a parallel packing configuration. In Figure 2.6,
panel A shows the chemical structure of the Nte4-N4Ipe6 nanosheets. The low magnification
TEM image of the nanosheet morphology is in panel B. These nanosheets adopt a similar
rectangular morphology as the nanosheets seen in Figure 2.2. The averaged, high resolution
cryo-TEM image of the Nte4-N4Ipe6 is shown in Figure 2.6(C). When the substituent in the
para-position of the phenyl group is an iodine, the polypeptoids adopt a parallel packing
configuration, indicating that a type II halogen bond is formed between the iodine atoms in
neighboring rows of polypeptoids.

Figure 2.6: Panel A is the chemical structure of the Nte4-N4Ipe6 polypeptoid. Panel B shows
a low magnification TEM image of the Nte4-N4Ipe6 polypeptoid nanosheets. Panel C is the
averaged, high resolution cryo-TEM image of these polypeptoids. When the para-substituent
on the phenyl group is an iodine, the polypeptoids adopt a parallel packing configuration,
commensurate with a type II halogen bonding motif [44].

We used MD simulations to study the effect of halogen bonding in the Nte4-N4Ipe6
nanosheets. In the simulations, we used the same small positively charged extra point to
model the σ-hole on the covalently bound iodine atom. Without the positive point charge,
both parallel and antiparallel configurations were stable. However, when this small positive
point charge was added, only the antiparallel packing configuration was stable; the addition
of the positive charge actually destabilized the parallel packing configuration. This indicates
that the simple model with a fixed point charge is not sufficient to model the iodine halogen
bond in our nanosheets. Further work is needed to elucidate the root cause of the prevalence
of the parallel packing configuration.
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2.3.3 Fluorine Effects

To complete the series of halogens, we also studied Nte4-N4Fpe6 polypeptoids. The chemical
structure is shown in Figure 2.7(A) and is the same structure as the other polypeptoids in
this chapter except the para-substitutent on the phenyl is a fluorine atom. The Nte4-N4Fpe6
polypeptoid nanosheets adopt similar rectangular morphologies as the other polypeptoids
studied (see Figure 2.7(B)). The high magnification image of the crystal structure of these
polypeptoids, displayed in Figure 2.7(C), shows an antiparallel packing configuration. It
has been well-established in this chapter that the antiparallel configuration is related to the
type I halogen-halogen interaction motif. However, since fluorine is the smallest and least
polarizable halogen, fluorine generally does not adopt the anisotropic charge distribution
that gives rise to a σ-hole and therefore usually will not form halogen bonds [48, 67–69].
There are limited situations in which fluorine will participate in halogen bonding, but it is
uncertain whether this is the case in the Nte4-N4Fpe6 polypeptoids or if the antiparallel
configuration arises from other effects.

Figure 2.7: Panel A is the chemical structure of the Nte4-N4Fpe6 polypeptoid. Panel B shows
a low magnification TEM image of the Nte4-N4Fpe6 polypeptoid nanosheets. Panel C is the
averaged, high resolution cryo-TEM image of the atomic structure of these polypeptoids.

2.4 Conclusions

Nonbonded interactions between neighboring halogen atoms in molecular crystals are gener-
ally classified into two types: type I wherein the carbon-halogen bonds of adjacent peptoids
in a crystal are parallel to each other and type II wherein these bonds are at an angle greater
than 30°; they are often perpendicular to each other. Adjacent chains in polypeptoid crystals
are generally found in either parallel or antiparallel configurations [56, 70]. The difference
between parallel and antiparallel cannot be revealed by traditional techniques such as X-ray
scattering. Crystalline nanosheets formed by a series of amphiphilic block copolypeptoids
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were therefore imaged at the atomic-scale using cryo-TEM. The hydrophobic block of these
molecules, which contain bromine atoms at the para-position on the phenyl ring, crystallize
in the antiparallel configuration, which is commensurate with the type I motif. The presence
of the halogen atoms is important as peptoids with hydrogen atoms in the para-position
on the phenyl ring crystallize in the parallel configuration. MD simulations showed that
σ-holes play an important role in determining crystal geometry in the halogenated samples.
The stability of both parallel and antiparallel crystals of halogenated peptoids is similar if
standard force fields that only account for the electronegativity of halogen atoms are used.
In contrast, the parallel crystals are destabilized in simulations when the σ-holes are in-
cluded. This indicates that additional factors beyond close packing may be responsible for
the emergence of type I motifs. Further investigations are needed to understand the relative
importance of the nonbonded interactions that dictate the crystal motifs when the atom in
the para-position is a fluorine or iodine. Nevertheless, this work is a step toward to enabling
crystal engineering of halogenated polypeptoids.
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2.6 Supplementary Information

Figure 2.8 shows the Fourier transforms of the averaged cryo-TEM images shown in Figure
2.2 in the main text.
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Figure 2.8: Fourier transforms of the high resolution TEM images shown in Figure 2.2. Panel
A is the Fourier transform of the Nte4-Npe6 image (Figure 2.2(D)), Panel B is that of the
Nte4-N4Clpe6 image (Figure 2.2(E)), and panel C is that of the Nte4-N4Brpe6 image (Figure
2.2(F)).

Figure 2.9: Projected potentials of the Nte4-Npe6 (A), the Nte4-N4Clpe6 (B), and Nte4-
N4Brpe6 (C) polypeptoid nanosheets.
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Figure 2.10: Cryo-electron diffraction patterns of the nanosheets formed by Nte4-Npe6 (A),
the Nte4-N4Clpe6 (B), and Nte4-N4Brpe6 (C). The scale bar on each image is 2 nm−1.
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Chapter 3

Condensed Counterions Next to
Polypeptoid Nanofibers

3.1 Introduction

There has been a long standing interest in the properties of aqueous solutions of charged
macromolecules due to their importance in both natural and synthetic systems [71–74]. The
properties of these solutions are significantly impacted by the locations of counterions rel-
ative to the fixed charges that are covalently bonded to the macromolecules [73–76]. In a
pioneering study, Manning recognized that the coulombic repulsion between fixed charges
can be reduced by the formation of ion pairs comprising the fixed charges and a fraction
of the counterions [71, 77, 78]; these counterions are referred to as condensed counterions.
The remainder of the counterions are dissociated, i.e. they are located at distances larger
than the Bjerrum length from the charged macromolecule, and they diffuse freely. In the
Manning theory, the equilibrium between condensed and dissociated counterions is governed
by the dimensionless distance between the fixed ions normalized by the Bjerrum length of
water [71, 77]. Counterion condensation is expected when this distance is less than unity.
Figure 3.1 shows a diagram of the nanofiber with fixed charges, condensed counterions in
the vicinity of the nanofiber, and dissociated counterions further away from the nanofiber.
Explicit calculations of the counterion concentration as a function of position indicate that
the concentration is highest next to the surface of the cylinder and decays with increasing
distance. In fact, in the context of counterion condensation the molecular structure of the
solvent is rarely discussed [79–81]. The implicit assumption is that the condensed counte-
rions next to the nanofiber form contact ion pairs. In principle, however, ion pairs can be
either contact ion pairs or solvent-separated ion pairs [82, 83]. Even in aqueous solutions
of relatively simple salts, it is difficult to predict a priori if specific counterions will adopt
contact or solvent-separated ion pairs [75, 84, 85]. In a theoretical study, Buckner and
Jorgenson used two models to study ion pairing in aqueous tetramethylammonium chloride
solutions. When a primitive model was used, the most stable configuration (lowest free
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Figure 3.1: Diagram of a highly charged nanofiber with fixed positive charges, a layer of
condensed counterions near the nanofiber (red), and dissociated counterions far away (pink).
On average, the dissociated counterions are located at a distance greater than the Bjerrum
length (lB) away from the fixed positive charge.

energy) was determined to be contact ion pairs. However, Monte Carlo simulations indi-
cated that the solvent-separated ion pair was more stable than the contact ion pair [86].
The phenomenon of counterion condensation has been studied by a variety of traditional
experimental techniques, including osmometry [87], potentiometry [88], scattering [2, 89],
and NMR [90, 91]. Our purpose is to present atomic-scale cryo-EM images of condensed
counterions in a synthetic macromolecular system.

Cryo-EM has been used to image counterions in the vicinity of charged proteins. In
particular, there have been significant efforts to use cryo-EM to image the 3D structure of
protein ion channels [16, 92], as the transport of ions through these channels is vital to
create potential differences across the cell membrane [93]. Previous studies have successfully
used cryo-EM to determine the position of bound calcium and chloride ions in the ion cavity
[92, 94–96]. In these studies, the locations of specific counterions in well-defined pockets
are determined experimentally. In contrast, we seek to determine the locations of a large
collection of counterions. We use cryo-EM to image a charged crystalline nanofiber composed
of polypeptoids. Polypeptoids are a class of synthetic polymers with a structure similar to
peptides but the side chain is appended to the amide nitrogen instead of the alpha carbon [10,
29, 54, 55, 97]. Amphiphilic diblock copolypeptoids comprising hydrophilic and hydrophobic
blocks of equal length were dissolved in water. The ionic groups were located at the ends of
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the side chains of the hydrophobic block to facilitate the imaging of condensed counterions.
The block copolypeptoids self-assemble into nanofibers. This enables imaging of both the
nanofiber with the fixed charge and condensed counterions in the vicinity of the fiber.

3.2 Experimental

3.2.1 Polypeptoid synthesis

3.2.1.1 Synthesis of aniline-based submonomer

Synthesis of Compound 1 (inset in Figure 3.14) was adapted from a published procedurem
[98]. Di-tert-butyl decarbonate (5.0 g, 22.9 mmol) was dissolved in 1,4-dioxane (100 mL),
followed by mixing with 4-(2-amioethyl)aniline (3.0 g, 22.1 mmol) acetic acid aqueous so-
lution (100 mL, water/acetic acid = 90/10 % v/v). After stirring at room temperature for
18 hours, the reaction mixture was diluted with 300 mL deionized (DI) water, which was
further extracted with diethyl ether (Et2O) (3×150 mL). The aqueous phase was tuned to
pH = 14 using 2 M NaOH aqueous solution, and the reaction mixture was then extracted
with Et2O (3×75 mL). The organic phase was washed with DI water (3×75 mL) before dried
over anhydrous MgSO4. After filtration, the volatiles were removed under vacuum to afford
the product (Compound 1) as white solid (3.1 g, 59.3 %). 1H NMR (δ in CD3OD, 400 MHz,
ppm): 7.36-7.14 (m, 4H, Ar), 3.53-3.49 (m, H, -NH-), 2.92-2.90 (t, 2H, - CH2-NH-), 2.77-2.74
(t, 2H, -CH2-Ar), 1.53 (s, 9H, (-CH3)3), 1.19 (m, -NH2).

3.2.1.2 Solid-phase submonomer synthesis of peptoid.

The polypeptoids were synthesized by a solid-phase submonomer synthesis method using
Symphony X peptide synthesizer on 100 mg Rink amide resin (0.64 mmol/g; Novabiochem)
by adapting reported procedures [99]. In brief, after de-protecting the FMOC group in the
resin using 4-methylpiperidine (1 mL, 20 % v/v in DMF), each monomer synthesis includes
two steps: bromoacylation and displacement. The bromoacylation was first performed by
mixing bromoacetic acid (0.8 M) and N,N’-diisopropylcarbodiimide (DIC, 0.8 M) in DMF
for 20 min at room temperature. Next, a nucleophilic displacement reaction was conducted
by adding corresponding amine submonomer (1 M) in DMF for 30 min at room temperature.
This bromoacylation-displacement cycle was repeated for each peptoid monomer in the target
peptoid sequence, progressing from C-terminus to N-terminus (Compound 2 in Figure 3.15).
At the end of each synthesis step, the resin was washed with ample DMF and then DCM
to get rid of unreacted reagents. Upon completion of the sequence synthesis, the resin was
dried with a nitrogen flow.
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3.2.1.3 Cleavage, deprotection, purification, and formation of HCl salt.

The crude peptoid was cleaved from resin in a trifluoroacetic acid (TFA) cleavage cocktail (95
% TFA, 2.5 % triisopropyl silane, 2.5 % water), and shook for 30 mins at room temperature.
The Boc-protection group in the peptoid was removed in the presence of TFA, generating
the TFA salt form of the peptoid (Compound 3 in Figure 3.15). The cleavage solution was
filtered through a polypropylene fritted cartridge and rinsed with DCM (3×6 mL). The
collected solutions were dried using a Biotagen V-10 evaporator to afford a pale-yellow gel.
The crude peptoids were purified using reverse-phase HPLC. The freshly cleaved peptoids
were re-dissolved in acetonitrile (ACN)/isopropyl alcohol (IPA)/water (60/10/30 % v/v)
at 20 mg/mL. The peptoid solution was purified using Waters reverse-phase HPLC with a
XSelect HSS cyano column (5 µm, 18 × 150 mm2). Solvent A is IPA/water/TFA (10/90/0.1
% v/v) and solvent B is IPA/ACN/TFA (10/90/0.1 % v/v). Flow rate was 12 mL/min with
a linear gradient at 60-95 % solvent B over 30 min. The HPLC fractions were analyzed
by a reverse phase LCMS equipped with an analytical XSelect HSS cyano column (5 µm,
4.6×150 mm column) and a MicroTOF electrospray mass spectrometry using the same
solvents (solvent A and B) as in the reverse-phase HPLC. Flow rate applied was 0.4 mL/min
with a linear gradient at 60-95 % solvent B over 30 min. A fluffy white powder with >
95 % molecular purity was collected by lyophilizing from acetonitrile/water (1:1, v/v) using
Genevac evaporator. To generate the HCl salt form of the peptoid (Compound 4 in Figure
3.15), the peptoid powder was further dissolved in minimal ACN, followed by lyophilizing
from 0.1 M aqueous solution of hydrochloric acid (HCl) to the HCl salt form (Compound 4
in Figure 3.15).

3.2.2 Self-assembly of polypeptoid nanofibers

To perform the self-assembly, the polypeptoids were dissolved in a mixture of THF and
water (50/50 by volume). The THF was slowly evaporated at 4 °C, leaving self-assembled
nanofibers in solution [27, 56].

3.2.3 Cryo-EM imaging and image processing

The TEM imaging was done at 300 keV with a 20 eV energy filter on a Titan Krios G3 (FEI
company). To prepare the 9N-Nte6-NBipe6·Cl and 9N-Nte6-NBipe6·I polypeptoid solutions
for imaging, first a continuous carbon film was added on top of a C-Flat TEM grid (Electron
Microscopy Sciences). These solutions dewet the holey carbon grid and thus the continuous
carbon film was used to obtain samples with uniform nanofiber distribution and ice thick-
ness. The continuous carbon film was not needed for the 9N-Nte6-NBipe6 nanofibers. The
presence of the continuous carbon film is accounted for in the CTF correction. The aqueous
polypeptoid nanofibers were drop cast on the grid and blotted using a Vitrobot before being
plunge frozen in liquid ethane. The grids were then transferred to liquid nitrogen as is stan-
dard for preparing frozen hydrated samples [9]. Then, the vitrified grids were transferred to
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the TEM and a low-dose imaging procedure was employed [21]. The accumulated electron
dose was set to 40 e−/Å2 and about 3,000 dose fractionated movies were recorded using a
Gatan K2 direct electron detector. The movies were recorded in super resolution mode (0.5
binning) and the pixel size was 0.2826 Å/pixel. The defocus range used was -0.5 to -1.5
µm. The cryo-TEM data was analyzed in Cryosparc [22]. First, the movies were aligned
using full-frame alignment with dose-weighting to produce single images. Then CTF correc-
tion was performed on the single images to account for the aberrations and phase-flipping
from the TEM in the image. Particle picking was done manually to produce a template, then
Cryosparc’s fiber tracing program was used to pick particles along the length of the nanofibers
with the template. 2D classification was completed to sort and average the particles into 50
classes, and was repeated multiple times to remove any classes that included the nanosheet
structure. In 2D classification, the parameters “enforce non-negativity” and “clamp-solvent”
were used to remove background noise and produce clear images of the nanofiber’s structure.
The parameter “align filament classes vertically” was enabled to produce the final images.

3.3 Results and Discussion

3.3.1 Imaging Condensed Counterions

Diblock copolypeptoids with a hydrophilic (N -2-(2-(2-methoxyethoxy)ethoxy) ethylglycine)
(Nte) monomer and a hydrophobic (N -(2-(4-biphenyl)ethyl)glycine) (NBiPe) monomer were
synthesized via a solid-phase synthesis method [56]. The hydrophobic core of six adjacent
monomers at the C-terminus was engineered to contain a single ionic group. Thus, at the
ninth monomer from the N-terminus, an aniline-containing monomer N -(2-(4-aminophenyl)
ethyl)glycine was introduced. After synthesis, the polypeptoids were treated with hydrochlo-
ric acid to protonate the amine and form the chloride salt. This polypeptoid is referred to as
9N-Nte6-NBipe6·Cl. The chemical structure of this polypeptoid is shown in Figure 3.2(A).
To perform the self-assembly, the polypeptoids were dissolved in a mixture of THF and
water (50/50 by volume). The THF was slowly evaporated at 4 °C, leaving self-assembled
nanofibers in solution [27, 56]. To prepare frozen, hydrated samples, the polypeptoid solu-
tion was drop cast on a TEM grid and plunged into liquid ethane [9, 12, 15]. At this point,
the nanofibers are frozen in amorphous ice in their solvated state. The TEM grid was then
stored in liquid nitrogen before being transferred to a Titan Krios TEM for imaging. The
polypeptoid nanofibers, as with most soft materials, are sensitive to radiation damage [27,
56, 99]. We therefore used low-dose imaging procedures developed by the structural biology
community to image the nanofibers [14, 56, 100]. Thousands of dose-fractionated movies
were collected and processed using Cryosparc (a commercial software) [22]. The movies
were motion corrected and aligned to obtain single images. Then, contrast transfer function
(CTF) correction was performed to account for the aberrations and phase-flipping from the
TEM in the image. One of the images thus obtained is shown in Figure 3.2(B), where the
a and c crystallographic directions of one of the nanofibers are labeled. These nanofibers
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Figure 3.2: Chemical structure of the 9N-Nte6-NBipe6·Cl polypeptoid is shown in panel A.
Panel B is a high resolution cryo-EM image of the nanofibers in vitreous ice where the a
and c crystallographic directions are labeled. Panel C is a cartoon of the nanofibers. The
inset shows an enlarged view of the bound amine and the unbonded chloride counterion. The
hydrophilic Nte block (teal) is amorphous and extends into the solvent while the hydrophobic
NBipe block (yellow) crystallizes. The yellow color shows the biphenyl side chains and the
white is the polypeptoid backbone.

are two polypeptoid molecules wide in the c-direction, one polypeptoid molecule thick in
the b-direction, and nearly infinite in the a-direction [56]. Figure 3.2(C) is a cartoon of
a nanofiber viewed along the long axis of the nanofiber (the b-c plane). The hydrophobic
block crystallizes while the hydrophilic block remains amorphous and extends into the aque-
ous phase [56]. The unbonded chloride counterions are shown in green near the positively
charged amine groups which are part of the polymer chains (Figure 3.2(C)).

One portion of the self-assembled 9N-Nte6-NBipe6·Cl nanofiber solution was treated with
sodium bicarbonate. The pH of the solution increased from 5.5 to 7.5, thereby neutraliz-
ing the amine groups (for reference, the pKa of 4-methylaniline is 5.2 [101]). The neutral
polypeptoid thus obtained is called 9N-Nte6-NBipe6. A second portion of the self-assembled
9N-Nte6-NBipe6·Cl nanofiber solution was treated with 100x excess sodium iodide. This
procedure exchanges the counterion from chloride to iodide, and we refer to this polypeptoid
as 9N-Nte6-NBipe6·I [102]. The 9N-Nte6-NBipe6·Cl and 9N-Nte6-NBipe6·I polypeptoid so-
lutions dewet the holey carbon grid and thus a continuous carbon film was deposited on the
grid to obtain samples with uniform nanofiber distribution and ice thickness. The continuous
carbon film was not needed for the 9N-Nte6-NBipe6 solutions. The presence of the contin-
uous carbon film is accounted for in the CTF correction. The 9N-Nte6-NBipe6·Cl solutions
were dominated by nanofibers, while the 9N-Nte6-NBipe6 and 9N-Nte6-NBipe6·I solutions
contained both nanosheets and nanofibers. The nanosheet morphology is found in a wide
variety of amphiphilic block copolypeptoids [10, 30, 56]. In the system studied here, the
nanofiber morphology obtained in 9N-Nte6-NBipe6·Cl was stable for several months with no
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Figure 3.3: Averaged, high resolution cryo-TEM images of the nanofibers. Panel A is the
experimental cryo-EM image of the 9N-Nte6-NBipe6·Cl nanofibers and the inset shows an
enlarged view of the outside of the nanofiber. Panel B is a cartoon of the 9N-Nte6-NBipe6·Cl
nanofibers where the chloride ions, in green, are on the outside of the nanofiber. Panel C
is the image of the 9N-Nte6-NBipe6 nanofibers, with the cartoon of the fibers is below it in
Panel D. Panel E is the image of the 9N-Nte6-NBipe6·I nanofibers with the corresponding
cartoon below it. The iodide counterions are shown in purple in Panel F.

indication of nanosheet formation. The addition of sodium bicarbonate and sodium iodide
to these solutions resulted in the conversion of some of the nanofibers into nanosheets within
an hour (see Figures 3.13 and 3.12). The structures of the nanosheets formed by the 9N-
Nte6-NBipe6 and 9N-Nte6-NBipe6·I polypeptoids are shown in Figure 3.7. High resolution
imaging was completed on all three polypeptoid samples. The positions of the nanofibers
were identified in the micrographs by Cryosparc [22]. Then boxes were extracted at those
positions, aligned, and averaged into 2D classes. Any classes that contained boxes from
nanosheets were filtered out. Figures 3.3(A), (C), and (E) show the results of this filtering
and classification procedure.

All three images, which show the crystalline nanofiber in the a-c plane, contain V-shaped
motifs. The brightest spot at the apex of the V represents the glycine backbone while the
side chains emanate out to either side. The hydrophobic block of the 9N-Nte6-NBipe6·Cl
polypeptoid is asymmetric (Figure 3.2(A)). Asymmetry is also seen when one examines each
row in the corresponding image - a band is visible on one side of each row of polypeptoids
in Figure 3.3(A). We posit that this band represents the chloride counterions and that the
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hydrophilic nature of the NH+
3 Cl

− group drives the ionic side chains toward the aqueous
phase. The hydrophobic biphenyl groups without charged groups are driven toward the
interior of the nanofiber. Figure 3.3(B) is a cartoon of the polypeptoid nanofiber where
the unbound chloride counterions are placed outside the nanofiber. Figure 3.3(C) shows
an image of the neutralized 9N-Nte6-NBipe6 polypeptoid. This image does not show bands
surrounding the nanofiber, confirming the absence of Cl− counterions. Consistent with this
observation, the corresponding cartoon in Figure 3.3(D) contains no counterions. Figure
3.3(E) shows an image of the 9N-Nte6-NBipe6·I polypeptoid. The bands surrounding the
nanofiber confirm the presence of I− counterions. The electron density within the nanofiber
is much higher than that expected from a layer of condensed counterions. Consequently,
the images in Figure 3.3 are dominated by the fiber. The insets in Figure 3.3(A), (C),
and (E) focus on the edge of the fiber. The finger-like structures emanating from the left
side represent the edge of the peptoid side chains that form the fiber. A layer of condensed
counterions can clearly be seen in Figures 3.3(A) and (E). While the freezing process does not
disrupt the nanofiber, its impact on the location of the counterions remains to be established.
Since the importance of coulombic attraction, relative to entropy, increases with decreasing
temperature, the counterions may move closer to the nanofiber during the freezing process. In
other words, at room temperature the counterions could be further away from the nanofiber
than indicated by the TEM images. The cores of all three nanofibers have a similar lattice
structure. However, the characteristic distances between atoms are affected by the chemical
composition of the polypeptoid. In Figure 3.4(A) we show the micrograph of the 9N-Nte6-
NBipe6·Cl nanofiber and define four distances – three distances related to the polypeptoid
crystalline core and one distance related to the location of the ion. The distances obtained
from all three nanofibers are listed in Panel B of Figure 3.4 (see SI for calculation details).
The distance between adjacent polypeptoid molecules along the nanofiber axis is, to a good
approximation, unaffected by differences in chemistry (a-spacing = 4.6 Å ± 0.1 Å). The
a¬-spacing of virtually all polypeptoid crystals is between 4.5 and 4.6 Å [3]. The distance
between adjacent polypeptoid backbones in the c-direction is similar in the charged and
uncharged polypeptoids (c-spacing = 26.4 Å ± 0.5 Å). The term ion distance, d ion, is used
to quantify the distance between the center of the positively charged nitrogen atom on the
amine group and the center of the negatively charged halogen counterions in solution along
the c-direction. The ion distances for 9N-Nte6-NBipe6·Cl and 9N-Nte6-NBipe6·I are 4.7 Å
and 5.5 Å, respectively.

The distance between fixed charges in our nanofibers, a, is 4.6 Å (a-spacing) which is
less than the Bjerrum length of water, l B = 7.1 Å [78]. We therefore expect some fraction
of the halide counterions, θ, to be condensed [71, 77]. The Manning theory for condensation
of univalent ions gives θ = 1− a

lB
[77] which gives θ = 0.35. This theory does not distinguish

between chloride and iodide ions. We used the cryo-EM images to obtain an experimental
estimate of θ. The image intensity, averaged along the a axis, was computed as a function
of position along the c axis. The resulting plot of intensity versus position for the 9N-
Nte6-NBipe6·Cl nanofiber is shown in Figure 3.4(C). The outermost set of peaks in this
figure represent the condensed Cl− counterions while the remainder represents the peptoid
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Figure 3.4: Measured quantities from high resolution images. Panel A shows the micrograph
of 9N-Nte6-NBipe6·Cl and defines the measured lengths. Panel B is a table of the measured
lengths of each nanofiber. The error on all distance measurements is ± 0.2 Å. Panel C is
a line profile of the image in Panel A where average intensity is plotted as a function of
distance along the c axis. Panel D plots the image intensity versus r where r is the distance
in the c direction and r = 0 is the position of the positively charged nitrogen bound to the
peptoid. Panel E is the inset from Figure 3(A), where the positively charged nitrogen, water
molecule, and negatively charged chloride counterion are superimposed over the image. The
three species are all drawn to scale.
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nanofiber. We define the total area under the condensed counterion peaks on both sides as
ACl− (green in Figure 3.4(C)). We define the area under the peptoid peaks as Apeptoid(gray
in Figure 3.4(C)). If all the Cl− counterions were condensed and the peptoid monomers
were inflexible and in perfect registry, then the ratio ACl−/ Apeptoid would be 17/744 =
0.023, based on the electron density of the different species. The measured value of ACl−/
Apeptoid was 0.019. Dividing the two values, we obtain a crude estimate for the fraction of
condensed counterions, θ = 0.83. While our estimate of θ is based on many simplifying
assumptions, our analysis illustrates that the measured contrast of the condensed counterion
layer is consistent with expectation based on the known electron densities of the nanofibers
and the counterions. In Figure 3.4(D), we plot image intensity as a function of position
along the c-axis, r. We define r = 0 as the nominal location of the positively charged
nitrogen (the fixed ion). The measured intensity at r < 2.5 Å is dominated by the nanofiber
contributions. The peak between r = 2.5 and 8 Å represents the distribution of condensed
counterions. It is perhaps worth noting that at r = 8 Å, a distance that is slightly larger
than the Bjerrum length of water, the measured intensity is negligible. We conclude that the
non-condensed chloride counterions diffuse randomly in the neighborhood of the nanofiber
and are thus not detected by cryo-EM. We conducted the same analysis on the 9N-Nte6-
NBipe6·I nanofibers and found results similar to those for chloride in Figure 3.4(C). In this
case the fraction of condensed counterions, θ was 0.33 (see Figures 3.9 and 3.10). It is
reasonable to assume that a quantitative theory of counterion condensation would include
the effect of specific interactions between the counterions and the fixed charges, between
the counterions themselves, and between the ions and water. Because iodide ions are less
electronegative and larger than chloride ions, we expect less counterion condensation in the
9N-Nte6-NBipe6·I nanofibers. Given the uncertainties in our quantitative analysis of the cryo-
EM data, the quantitative agreement between the theoretical value of θ and that obtained
in the 9N-Nte6-NBipe6·I nanofibers may be fortuitous. Nevertheless, the analysis of the
cryo-EM data in terms of θ firmly establishes that the contrast between the counterion layer
and the polypeptoid nanofiber is qualitatively consistent with that expected from condensed
chloride and iodide ions. Most theories of counterion condensation predict that the ion
concentration decays monotonically with increasing r [79, 90, 103, 104]. In other words,
the peak concentration is expected at the surface of the charged nanofiber (r = 0). Heyda
and Dzubiella used atomistic simulations to study counterion condensation of cations on
charged peptides [105]. In general, the condensed layer exhibits two peaks, one at r = 0 and
the other in the vicinity of r = 5 Å. In the particular case of Cs+, the dominant peak was
at r = 5 Å. These results suggest the need to include atomistic details in the modeling of
condensed counterions. In both 9N-Nte6-NBipe6·Cl and 9N-Nte6-NBipe6·I nanofibers, the
distance between the fixed and condensed counterions is in the vicinity of 5 Å. This is similar
to the typical range for the separation between halides and positively charged coordinating
atoms in proteins [106]. For reference, the ionic radius of chloride is 1.75 Å and that of iodide
is 1.98 Å. The hydration shells of dissociated chloride and iodide ions in aqueous media have
been studied by computer simulations. In reference [107], the dominant solvation shells of
chloride ions were shown to contain 5 or 6 water molecules with radii of 4.0 and 4.5 Å,
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respectively. In reference [108], the dominant solvation shells of iodide ions were shown
to contain 6 or 7 water molecules. The radius of the solvation shell based on the overall
pair distribution function was determined to be 5 Å. Based on NMR studies, Fraenkel and
Kim concluded that ion pairs involving anilinium cations are separated by water molecules
in the presence of both chloride and iodide anions [84]. The distances reported in Figure
3.4(B) indicate that the condensed counterions in 9N-Nte6-NBipe6·Cl and 9N-Nte6-NBipe6·I
nanofibers are solvent-separated ion pairs.

3.3.2 3D Reconstruction

In addition to 2-D imaging, a 3-D image reconstruction was performed for the 9N-Nte6-
NBipe6 polypeptoid nanofibers. Since the TEM grids for these samples did not have a
continuous carbon film, the nanofibers were randomly oriented in the vitreous ice, therefore
enabling a reconstruction of the full 3-D structure [9, 99]. The results of this 3-D recon-
struction are shown in Figure 3.5. Panel B is the same view through the a-c plane that
is shown in Figure 3.3 (i.e. the front view of the nanofibers). Panel A is the b-c plane
(i.e. end view) and panel C is the a-b plane (side view). As discussed earlier (see Figure
3.3) the nanofibers adopt a V-shaped conformation when looking down the backbone of the
nanofibers, which is defined as the a-c plane. The end of the nanofibers, the b-c plane, shows
two polypeptoids next to each other. The two brightest lines in this image are the backbones
of two polypeptoids and the intensity on either side of those bright lines is the side chains.
The spacing between the backbones in the c-direction is 25.9 Å, the same as measured from
the projection through the a-c plane in Figure 3.3(C). As with other polypeptoid nanos-
tructures, these nanofibers are only one molecule thick (i.e. a monolayer) as seen in Figure
3.5(A) [99, 109]. Panel C of Figure 3.5 shows the side view of the nanofibers. The bright
lines are the backbones of the polypeptoids viewed down the length of the backbone. The
spacing between backbones in the a-direction is 4.5 Å, the same as the quantity measured
from the 2D image in Figure 3.3(C). The side chains are not visible in this projection.

3.4 Conclusions

The properties of aqueous solutions of charged macromolecules depend on the arrangement
of dissociated and condensed counterions. While there have been numerous theories and
simulations that quantify the arrangement of counterions [5, 104, 105], their predictions
have not yet been tested against atomic-scale images. Cryogenic electron microscopy is a
powerful tool for obtaining atomic-scale images of soft materials. However, most of the
images in the literature show atoms connected to each other by covalent bonds [6, 16, 94,
110]. The fact that interatomic distances are well-defined in this case is important because
high resolution cryo-EM requires averaging about 10,000 individual images. Since dissociated
counterions diffuse randomly, they cannot be imaged using averaging-based cryo-EM. Prior
to our work, it was not clear if condensed counterions were detectable via average-based
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Figure 3.5: 3-D reconstruction of 9N-Nte6-NBipe6 polypeptoid nanofibers. Panel A shows
the projection through the b-c plane, panel B is the a-c plane (the same view shown in
Figure 3.3), and panel C is the a-b plane.

cryo-EM. We designed a positively charged polypeptoid nanofiber that was ideally suited
for imaging condensed counterions. The cross-section of the nanofiber was rectangular and
the fixed positive NH+

3 charges were placed on two opposite sides of the rectangle. Current
theories on counterion condensation rarely distinguish between contact ion pairs and solvent-
separated ion pairs, and the probability of finding condensed counterions as a function of
distance from the fixed charge generally decreases monotonically with increasing distance
[104, 111–113]. The distribution of distances in between the fixed and condensed halide
counterions (Cl− and I−) determined in this study were peaked at distances of 4.7 and 5.5
Å from the fixed charge for chloride and iodide, respectively. This indicates the presence of
solvent-separated ion pairs in our system. Based on energetics alone, one expects contact
ion pairs as they would reduce the net charge on the nanofiber. However, this would also
reduce the entropy of the condensed counterions [80, 114]. It is possible that the formation
of solvent-separated ion pairs is due to entropic considerations.
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3.6 Supplementary Information

Figure 3.6: STEM-EDS was used to investigate the chemical composition of the 9N-Nte6-
NBipe6·Cl and 9N-Nte6-NBipe6·I polypeptoids. Panel A shows the STEM image inset in
the EDS spectra for 9N-Nte6-NBipe6·Cl. The peak for chloride at 2.6 keV is clearly visible,
confirming the presence of chloride in the polypeptoid sample. Panel B shows the results for
9N-Nte6-NBipe6·I, where the iodide peak is seen at 3.9 keV.

The procedure to analyze the atomic structure of the nanosheets varied slightly from that
for the nanofibers. In order to reconstruct the atomic-scale images of the nanosheets, first a
crystal unbending procedure implemented in 2dx was used to correct for the contrast transfer
function (CTF) and distortions within the lattice and also determine the locations of the
unit cell [63]. Next, Relion, a single particle analysis software, was used to extract squares
from the CTF-corrected micrograph at the locations of the unit cells [25]. Finally, Relion’s
2D reference-free class averaging algorithm was used average the unit cells into classes. The
results of this averaging and classification procedure are shown in Figure 3.7. The Fourier
transforms of the images are also shown in Figure 3.7.
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Figure 3.7: Atomic structure of nanosheets formed by 9N-Nte6-NBipe6 and 9N-Nte6-NBipe6·I
nanosheets in panels (A) and (B), respectively. The Fourier transforms are shown below in
each image in (C) and (D).
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Figure 3.8: Panel A shows the Fourier Transform of the image 9N-Nte6-NBipe6·Cl nanofibers
shown in Figure 3.3. Panel B is that for the 9N-Nte6-NBipe6 nanofibers, and panel C for
the 9N-Nte6-NBipe6·I nanofibers.
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Figure 3.9: Line profile of the image of the 9N-Nte6-NBipe6·I polypeptoid nanofibers shown
in Figure 3.3(E).
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Figure 3.10: Calculated line profile of the image of the 9N-Nte6-NBipe6·I polypeptoid
nanofibers shown in Figure 3.3(E), specifically focusing on the position of the counterion.
The position of the bound amine is defined as r=0 and the distribution is peaked at a dis-
tance of 5.5 Å.
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Figure 3.11: The most prevalent structure formed by the 9N-Nte6-NBipe6·Cl polypeptoids,
shown in Panel A, is a two row fiber where the polypeptoids adopt a parallel V-shaped
formation, meaning the V-shape in the two rows points the same direction. A second, less
populous antiparallel V-shape structure is also seen in Panel B. Panel C shows a three row
fiber structure which is also a minority of the observed structures.

Figure 3.12: Cryo-EM micrograph of 9N-Nte6-NBipe6polypeptoids. Both nanosheets and
nanofibers are seen in this micrograph.
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Figure 3.13: Cryo-EM micrograph of 9N-Nte6-NBipe6·I polypeptoids. Both nanosheets and
nanofibers are seen in this micrograph.
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Figure 3.14: 1H NMR of Boc-protected sub-monomer (Compound 1)
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Figure 3.15: Chemical Structure of Intermediate Peptoid Products
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Chapter 4

Effect of Charge Density on
Polypeptoid Self-Assembly

4.1 Introduction

The de novo design of self assembled nanomaterials relies on an understanding of the rela-
tive importance of nonbonded interactions that lead to specific nanostructures [34, 115, 116].
Block copolymers in particular can form a multitude of nanostructures, with various applica-
tions from artificial membranes [31] to chemophototherapy treaments [117]. Polypeptoids, or
N-substituted glycines, present a great platform to study the atomic-scale interactions that
lead to different nanostructures. Polypeptoids are similar to peptides, except the variable
side chain is attached to the nitrogen rather than the α-carbon [28, 30, 118]. Therefore, there
are no hydrogen bond donors on the backbone of the molecule and interactions between the
side chains dominate. In this study, the effect of fixed charges on the self-assembly of di-
block polypeptoids is studied directly by atomic-scale cryo-transmission electron microscopy
(cryo-TEM).

A series of amphiphilic diblock copolypeptoids have been synthesized that self-assemble
into highly ordered nanostructures. The hydrophobic block of the polypeptoids is made up of
biphenyl side chains; this block crystallizes to form the core of the self-assembled nanosheet
structures. The hydrophilic block remains amorphous and extends into the solvent. Two
polypeptoids are investigated in this chapter: one with all biphenyl groups in the hydrophobic
block, and another where one of the biphenyls has been changed to an aniline and protonated
with a strong acid. The substitution of this one functional group allows for a direct study
of the effect of fixed charges on the self-assembly of polypeptoids.
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4.2 Experimental

4.2.1 Polypeptoid Synthesis

The polypeptoids employed in this study are amphiphilic diblock copolypeptoids composed
of a hydrophobic N-(2-(4-biphenyl)ehthyl)glycine (NBipe) segment and a hydrophilic poly-
N-2-(2-(2-methoxyethoxy))ethylglycine (Nte) segment. The synthesis is the same as has been
described earlier, see Section 3.2.1 for details.

To perform the self-assembly, the same procedure as described in Section 3.2.2 was used.
In brief, the polypeptoids were dissolved in a mixture of THF and water (50/50 by volume).
The THF was slowly evaporated at 4 °C, leaving self-assembled nanofibers in solution [27,
56].

4.2.2 Cryo-TEM imaging

The TEM imaging for the Nte6-NBipe6 and 9N-Nte6-NBipe6·TFA polypeptoid nanosheets
was done at 300 keV with a 20 eV energy filter on a Titan Krios G2. To prepare the aqueous
samples for imaging, they were drop cast on a copper TEM grid with both a holey carbon
film and continuous carbon film, then blotted using a Vitrobot, before being plunge frozen in
liquid ethane and transferred to liquid nitrogen as is standard for preparing frozen hydrated
samples [15].

The data collection and analysis is the same as has been described earlier in Section
2.2.1. An electron dose of 40 e−/Å2 was used to collect the data sets for the Nte6-NBipe6
and 9N-Nte6-NBipe6·TFA polypeptoids. The full frame movie alignment is done with dose
weighting, so later frames in the movies that have a higher accumulated electron dose affect
the final image less.

4.3 Results and Discussion

4.3.1 Neutral polypeptoids

As previously mentioned in Chapter 3, diblock copolypeptoids with a hydrophilic (N -2-
(2-(2-methoxyethoxy)ethoxy) ethylglycine) (Nte) monomer and a hydrophobic (N -(2-(4-
biphenyl)ethyl)glycine) (NBiPe) monomer were synthesized via a solid-phase synthesis method
[56]. The hydrophobic core has 6 NBiPe units and the hydrophilic block contains 6 Nte units.
The chemical structure of the Nte6-NBipe6 polypeptoids is shown in Figure 4.1(A). The pro-
posed structure of the nanosheets is akin to what has previously been described in Figures
2.1 and 3.2. The hydrophilic Nte block, shown in teal in Figure 4.1(B), is amorphous and
extends into solution on the top and bottom of the nanosheets. The NBipe block, shown
in yellow and white in Figure 4.1(B) crystallizes to form the core of the nanosheets. When
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Figure 4.1: The chemical structure of the Nte6-NBipe6 polypeptoids is shown in Panel A.
Panel B shows an atomic model of the nanosheets formed by the Nte6-NBipe6 polypeptoids.
Panel C shows an atomic model of the projection through the a-c plane of the nanosheet.
Panel D shows a cryo-TEM image of the nanosheets formed by the polypeptoids, with the
a and c crystallographic directions labeled. Panel E is the averaged, high resolution TEM
image of the nanosheets. Panel F includes the crystal spacings measured from the TEM
image.

viewed through the projection of the a-c plane, the peptoids form a V-shaped crystal struc-
ture. The backbone is the apex of the V (shown in white in Figure 4.1(C)), while the side
chains emanate out to either side (shown in yellow in Figure 4.1(C)). The Nte block is not
shown in the model in Figure 4.1(C) for clarity. A high resolution image of the frozen,
hydrated nanosheets is shown in Figure 4.1(D) and the a and c crystallographic directions
are labeled. The averaged high resolution image of the Nte6-NBipe6 polypeptoids is shown
in Figure 4.1(E). This image is the projection through the a-c plane of the nanosheet. The
brightest white spot at the center of each V-shape is the projection down the end of the
glycine backbone, and the biphenyl side chains extend out to either side to make up the
arms of the V. The spacing between backbones in the a and c directions were measured
from this image and are included in Figure 4.1(F).
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Figure 4.2: The chemical structure of the 9N-Nte6-NBipe6·TFA polypeptoids is shown in
Panel A. Panel B shows a cryo-TEM image of the self-assembled nanostructures, with the
a and c crystallographic directions labeled. Panel C is a table with the measured crystal
spacings from the different structures. Panel D shows the averaged high resolution TEM
image of the nanosheet structures. Panel E is the averaged image of the nanofibers. Panel
F graphs the relative abundance of the different sized nanostructures.

4.3.2 Charged polypeptoids with trifluoroacetate

To investigate the effect of added charges, a similar polypeptoid was synthesized, except one
of the biphenyl groups was replaced with an aniline and protonated with trifluoroacetic acid
(TFA). Thus, there was a fixed positive charge on the nitrogen side chain in the hydrophobic
block of the polypeptoids. This peptoid is referred to as 9N-Nte6-NBipe6·TFA.

Figure 4.2 contains the chemical structure, characterization data, and high resolution im-
ages of the 9N-Nte6-NBipe6·TFA polypeptoids. Figure 4.2(A) shows the chemical structure
with a bound positively charged amine in the hydrophobic NBipe block, an unbound nega-
tively charged TFA counterion, and the hydrophilic Nte block. Panel B of Figure 4.2 shows
a high resolution cryo-TEM image with one 6 row nanosheet and three 2 row nanofibers.
The number of rows refers to the width in the c-direction and is measured by counting the
number of dark lines, which correspond to the polypeptoid backbones. The a and c crystal-
lographic directions are labeled on the nanosheet in Figure 4.2(B). Figure 4.2(C) shows the
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measured a and c spacings from the high resolution TEM images of both the nanosheets and
nanofibers. The a-spacing is constant at 4.6 Å for both the nanosheet and nanofiber. How-
ever, the c-spacing increases from 22.3 Å in the nanosheet to 26.1 Å in the nanofiber. This
increase in c-spacing may be due to varying angles between the side chain and backbone that
results in pushing the backbones further apart in the two different nanostructures. Figure
4.2(D) shows the high resolution image of the nanosheet formed by the 9N-Nte6-NBipe6·TFA
polypeptoids and Figure 4.2(E) shows the high resolution image of the 2 row nanofibers. The
data analysis of the nanosheets was done with the same procedure as described in Section
2.2.1 whereas the analysis of the nanofibers was done using a different program, described in
detail in Section 3.2.3. It was necessary to use the 2dx electron crystallography program for
the analysis of the nanosheets due to its ability to identify the lattice and the position of the
unit cells [63]. This functionality is not included in the Cryosparc program that was used
for the analysis of the fibers [22]. However, the atomic-scale images that were reconstructed
from the two different methods of data analysis still are true representations of the different
nanostructures. By analyzing 162 images, the number of nanostructures with each number
of rows was counted and the results are included in Figure 4.2(F). The two row nanofiber
structure is the most prevalent structure, making up 52% of the observed structures.

4.3.3 S-shaped crystal structure

Figure 4.3: There are two distinct crystal structures present in the nanofibers formed by the
9N-Nte6-NBipe6·TFA polypeptoids. The V-shaped structure makes up 60% of all observed
nanofibers and the structure is shown in Panel A. Panel B shows the S-shaped crystal
structure which makes up 40% of the nanofibers.

Nanostructures of varying width are observed with the 9N-Nte6-NBipe6·TFA polypep-
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toids, as detailed in Figure 4.2(F). In addition to the V-shaped crystal structures shown in
that figure, a different S-shaped crystal structure has also been observed. This S-shaped
structure only forms two row nanofibers; all of the nanosheets had the V-shaped crystal
structure. The origins for the two different crystal structure are still under investigation. It
is possible that the charged amine groups in the side chains can impact self-assembly in a
way that changes some of the backbone angles, resulting in an S-shaped crystal.

4.4 Conclusions

There are a multitude of weak, nonbonded interactions that affect the self-assembly pro-
cess of polymeric materials. Ionic interactions were systematically studied here, by using
an uncharged peptoid as a reference then using various protonating agents to increase the
presence of charged polypeptoids. Figure 4.4 illustrates the effect of the fixed charges on the
resulting self-assembled nanostructures. These results indicate that covalently bonding fixed
charges to polypeptoids can be used to target specific nanostructures. The Nte6-NBipe6
polypeptoids all form large nanosheet structures (see Figure 4.1). When fixed charges enter
the system by protonating amine groups in the hydrophobic core, nanofibers begin to form
(see Figure 4.2). It is possible that the nanofiber morphology arises because the fixed charge
in the hydrophobic block selectively inhibits growth in the c-direction. When the counterion
is Cl− for the 9N-Nte6-NBipe6·Cl, nearly all of the covalently bound amine groups carry a
positive charge and therefore nearly all of the polypeptoids are on the edges of nanostruc-
tures, either in two or three row nanofibers (see Figure 3.11). Finally, when the counterion is
TFA, which has a higher pKa than Cl−, nanofibers still are the majority structure, indicating
that a high proportion of the bound amine groups are positively charged, but nanosheets are
also observed. Therefore, to target nanosheets, uncharged polypeptoids must be used but
nanofibers can be selectively made by increasing the charge density to block growth in one
direction.
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Figure 4.4: Nte6-NBipe6 without an ionic charge always assembles into large nanosheets, as
shown on the left. 9N-Nte6-NBipe6·Cl polypeptoids have a charged amine on nearly every
peptoid molecule, due to the extremely low pKa of Cl−, and form only nanofibers (the right
side). When the 9N-Nte6-NBipe6·TFA system uses TFA as the protonating agent, which has
pKa is much higher much higher than Cl−, fewer of the amine groups in the polypeptoids
are positively charged. This results in a mixture of nanofibers and nanosheets, as shown in
the middle.

4.6 Supplementary Information



CHAPTER 4. EFFECT OF CHARGE DENSITY ON POLYPEPTOID
SELF-ASSEMBLY 49

Figure 4.5: Panel A shows the FFT of the image of the Nte6-NBipe6 nanosheets in Figure
4.1(E). Panel B shows the FFT of the image of the 9N-Nte6-NBipe6·TFA nanosheets in
Figure 4.2(D) and panel C is that for the nanofibers in Figure 4.2(E).
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Chapter 5

Imaging Polystyrene-b-Polyethylene
Oxide Single Crystals

5.1 Introduction

Polymer electrolytes have been investigated thoroughly for applications in lithium bat-
teries due to their chemical stability against lithium metal and inflammability [119–121].
Poly(ethylene oxide) (PEO) has good ion transport properties and is effective as an elec-
trolyte for lithium batteries [38, 42, 122]. Polystyrene has exceptional mechanical properties
and has been shown to effectively inhibit lithium dendrite growth in a lithium symmetric cell
[40, 123]. When these two polymers are combined to make a diblock copolymer (PEO-b-PS
or SEO), they can be used as both an electrolyte and separator for lithium batteries [36, 39].

The local solvation environment of lithium ions has a significant impact on the transport
properties like conductivity, current fraction, and transference number [43, 124, 125]. Neu-
tron scattering has been used previously to glean information about the solvation structure
and dynamics in a polymer electrolyte [126]. This work illustrates the necessity for further
studies to uncover the relationships between structure at the atomic scale and macroscale
transport properties in order to intelligently engineer polymer electrolytes for lithium battery
applications.

Pioneering work by Bernard Lotz in the 1960s studied the crystallization of SEO into
single crystals [127]. He used electron microscopy to study the morphology and crystal
structure of the self-assembled single crystals and showed that the crystal structures matches
that of pure PEO. His work agreed with the proposed ”sandwich” structure of the single
crystals, where the PEO block crystallizes in the middle of the crystal and is ”protected” by
amorphous PS domains on the top and bottom [127, 128]. Figure 5.1(B) shows a cartoon
of this structure, with the crystalline PEO shown in red and the amorphous PS in blue.
Additional work by Stephen Cheng [128–130] and Christopher Li [122] have studied the
structure of these crystals with TEM, XRD, and AFM. The images produced have elucidated
the structure of these crystals at a micron level scale and atomic resolution information has
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Figure 5.1: Panel A shows the chemical structure of PS-b-PEO. Panel B shows the proposed
”sandwiched” structure of the single crystals, where the PEO crystallizes in the middle of
the crystal and the PS block remains amorphous on the top and bottom.

been gleaned from electron diffraction wide-angle X-ray scattering. However, there is still
a need to study these crystals in high resolution via imaging to get all of the structural
information in position space.

5.2 Experimental

5.2.1 Crystallization

Polystyrene-b-polyethylene oxide (PS-b-PEO) (SEO) block copolymers were previously syn-
thesized via anionic polymerization described in Reference [131]. A block copolymer with
molecular weight of the polystyrene block MPS = 5.1 kg mol−1 and polyethylene oxide
block MPEO = 12.8 kg mol−1 was chosen for this study. The SEO block copolymer was
dissolved in amyl acetate at a concentration of 0.01 wt % [122] (Note: a 1:1 (vol %) co-
solvent mixture of chlorobenzene and octane can also be used, but chlorobenzene is not
glovebox compatible [128]. Therefore, amyl acetate solvent was used for this study). Neat
crystals (SEO without any lithium salt) as well as crystals with various amounts of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) were studied. The salt concentration is ex-

pressed as r = [Li+]
[EO]

where EO = ethylene oxide units in the PEO block. In this study, SEO
polymers with r values between 0.05 and 0.15 were studied. To produce micron-sized, thin
single crystals of the SEO polymers, a self-seeding technique was utilized [127, 128]. First,
the SEO and any LiTFSI was dissolved in amyl acetate by heating to 50 °C and stirring
for two hours (or longer if it was not a homogeneous solution after 2 hours). Then, the
solution was allowed to cool to 25 °C and held there for 48 hours. Next, the solution was
slowly heated up (0.5 °C / min) to 41 °C and held there for 20 minutes. Finally, the polymer
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solution was cooled to 25 °C, held there for 48 hours, then transferred to an argon-filled
glovebox for storage.

5.2.2 TEM imaging

Polyethylene oxide will absorb water and lose its crystal structure after being exposed to
the atmosphere for extended amounts of time. The polystyrene block aids in preventing
water absorption and protecting the crystal structure, so the neat SEO single crystals can
be handled outside of a glovebox and retain their crystallinity for periods of time (≈ 4 hours)
[127]. However, LiTFSI is extremely hydrophilic and will absorb water almost immediately
upon exposure to the atmosphere. Therefore, the SEO crystals with LiTFSI were prepared
in an argon glovebox and the dilute solution was dropcast on C-Flat TEM grids (Electron
Microscopy Sciences) and dried in the glovebox. The dry TEM grids were then sealed between
Kapton sheets in a standard holder for small-angle X-ray scattering (SAXS) and removed
from the glovebox. Once outside the glovebox, the SAXS holders with the TEM grids inside
of them were plunged in a bath of liquid nitrogen. The SAXS holders were opened under
liquid nitrogen, the TEM grids were removed and then transferred to standard TEM grid
holders. In this way, the SEO crystals could be taken out of a glovebox and stored in liquid
nitrogen with zero exposure to the atmosphere.

The low magnification TEM images were taken under cryogenic conditions at 120 keV
on a JEOL1400 TEM. The high magnification TEM imaging was done at 300 keV with a 20
eV energy filter on a Titan Krios G2 (FEI company).

The frozen grids were transferred to the Krios TEM and a low-dose imaging procedure
was employed [21]. The accumulated electron dose was set to 40 e−/Å2 and about 3,000 dose
fractionated movies were recorded using a Gatan K2 direct electron detector. The movies
were recorded in super resolution mode (0.5 binning) and the pixel size was 0.2826 Å/pixel.
The defocus range used was -0.5 to -1.5 µm.

5.2.3 Low-dose TEM image analysis

Descriptions of the data analysis for electron crystallography of low-dose images has been
described earlier in Section 2.2.1. The same general procedure of movie alignment, CTF
correction, and lattice identification and unbending was employed to produce the high reso-
lution images here. However, rather than classifying and averaging unit cells from multiple
different images, the high resolution images presented in this chapter come from one single
raw image. The main difference in the processing is that the high resolution images in this
chapter are produced by indexing all of the reflections present in the FFT of a single image,
determining the phase and amplitude of the reflections, then calculating the inverse FFT
based on those reflections to present a final, high resolution image [63].
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5.2.4 Image Simulation

The mathematics of electron-atom interactions at the atomic scale are well known, and
thus these mathematical relations can be used to calculate simulated TEM images from a
known crystal structure [132–134]. AbTEM is a Python package that has the functionality to
create simulated TEM images from an input structure [135]. An in-house code was written
to simulate the effect of defocus, aberrations, and the envelope function.

5.3 Results and Discussion

5.3.1 SEO Single Crystals without Lithium Salt

Figure 5.2: The structure of polystyrene-b-polyethylene oxide (PS-b-PEO) (SEO) is shown
in panel A. For the polymer used in this study n = 49 and m = 279. Panel B shows a TEM
image of the SEO single crystal with the diffraction pattern shown next to it in panel C.
The 120 diffraction spots are the brightest, square-shaped spots.

After the self-seeding crystallization, the SEO crystals are free-floating in the amyl acetate
solvent. For the neat SEO, they were drop cast in a fume hood on a standard TEM grid with
a carbon support film and transferred to a JEOL 1400 TEM. The imaging and diffraction
were done at cryogenic conditions. As seen in Figure 5.2(B), the resulting crystals adopt a
square-shaped morphology with an approximate length and width of 10 µm. The thickness
of these crystals were not measured directly in this study, but based on previous studies of
SEO single crystals produced in this method, we assume the crystals are about 20 nm thick
[128]. The electron diffraction pattern in Figure 5.2(C) shows how extremely well-ordered
this crystals are; there are diffraction spots visible out to a spatial frequency of 1.2 Å, which
is very small and unique for polymer crystals. An important note is that this diffraction
pattern exactly matches the diffraction pattern from bulk PEO that was measured from
X-ray diffraction [133]. The brightest spots in a square formation are the (120) diffraction
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spots. These spots occur at a d -spacing of 4.6 Å, which is exactly the same d -spacing as
bulk PEO. This confirms that the PEO block in these samples matches the expected crystal
structure from a bulk sample and the amorphous PS block does not impact the crystal
structure or show up in the diffraction pattern.

5.3.2 SEO Single Crystals with Lithium Salt

Next, a small amount of LiTFSI was added into the self-seeding solution. The resulting
crystals also adopt a square morphology (Figure 5.3(B)) and are highly ordered, as seen in
the diffraction pattern in Figure5.3(C). However, a significant difference happens in these
crystals, as the (120) spots now occur at a d -spacing of 5.4 Å rather than 4.6 Å in the
neat sample. This indicates that the LiTFSI is inside of the crystal and has some effect
at increasing the d -spacing between PEO coils. Single crystals of SEO with LiTFSI were
previously made by Cheng, et al [122]. However, in their experimental procedure the LiTFSI
was confined to the amorphous domain; in order to use the averaging-based TEM techniques
described here, the LiTFSI must be in the crystalline domain. Therefore, a new experimental
procedure was developed to produce single crystals with the LiTFSI in incorporated in the
crystalline PEO and this procedure was described in Section 5.2.1.

Figure 5.3: The structure of SEO and LiTFSI are shown in panel A. The same SEO diblock
copolymer is used for this whole study. This figure shows images from a crystal with a
nominal salt concentration of r = 0.05. Panel B shows a TEM image of the SEO single
crystal with LiTFSI and the diffraction pattern of this crystal is shown next to it in panel
C. The 120 diffraction spots are the bright spots arranged in a square near the center of the
image.

The amount of LiTFSI salt that was added to the self-seeding solution was increased to
r = 0.15. Large, square-shaped crystals were again produced by repeating the self-seeding
procedure (see Figure5.4(B)). The cryo-electron diffraction pattern of these crystals again
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indicates that they are very highly-ordered. The spacing between the (120) spots in this
pattern has increased to 5.9 Å (compared to 4.6 Å in the neat crystals), indicating that
more LiTFSI has been incorporated in the crystal structure and is pushing the PEO coils
further apart.

Figure 5.4: The structure of SEO and LiTFSI are shown in panel A. The same SEO diblock
copolymer is used for this whole study. This figure shows images from a crystal with a
nominal salt concentration of r = 0.15. Panel B shows a TEM image of the SEO single
crystal with LiTFSI and the diffraction pattern of this crystal is shown next to it in panel C.
Similar to the other structures, the 120 diffraction spots are the brightest ones in a square
shape near the center of the image.

High-resolution TEM imaging was carried out on the crystals with no LiTFSI (neat), a
small amount of LiTFSI (r = 0.05), and a large amount of LiTFSI (r = 0.15). All samples
were imaged at cryogenic conditions on a Titan Krios G2 at 300 kV. The data was collected
as multiframe movies, which were first aligned into single frame images using Cryosparc [22].
These images were then loaded into 2dx, an electron crystallography software [63]. FFTs
(Fast Fourier Transforms) of each image were calculated and the lattice was determined by
indexing the reflections present in each FFT. Then, the images were CTF-corrected and an
unbending procedure was implemented to correct for distortions in the lattice. After these
corrections, the lattice was finalized and an electron density map was created based on the
reflections present in the FFT. The electron density maps of the neat sample (5.5(A)), that
with r = 0.05 (5.5(B)), and that with r = 0.15 (5.5(C)) are shown below in Figure 5.5.

The primary feature in the neat crystal shown in Figure 5.5(A) is a grid of circles. Based
on the known crystal structure of PEO, these circles are the projection down the end view
of the PEO chain. The crystal with a small amount of LiTFSI, displayed in Figure 5.5(B),
shows a grid of star shapes instead of circles. There is not an existing crystal structure, to my
knowledge, of PEO crystallized with a small amount of LiTFSI. To my best approximation,
the origin of these star shapes is similar to that of the circles in Figure 5.5(A); the difference
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is that the TFSI is situated between the PEO helices and shows up as the points of the
star. However, further work is needed to better characterize the structure in this image.
The primary features in the image with a large amount of LiTFSI in Figure 5.5(C) is a
repeating pattern of X’s and O’s. This pattern is much more complicated than the other two
structures, and the next section details work with image simulation to try to understand the
features in this image better.

Figure 5.5: The structure of SEO and LiTFSI are shown in panel A. The same SEO diblock
copolymer is used for this whole study. This figure shows images from a crystal with a
nominal salt concentration of r = 0.15. Panel B shows a TEM image of the SEO single
crystal with LiTFSI and the diffraction pattern of this crystal is shown next to it in panel
C.

5.3.3 Simulated TEM images of PEO with and without lithium
salt

The crystal structure of bulk PEO has been determined previously from X-ray scattering
by Takahashi and coworkers [133]. Even though these measurements were done on bulk
PEO, the crystal structure of the SEO single crystals prepared here is identical to the bulk
crystal structure, as determined via cryo-electron diffraction (see Figure 5.2(C)) [127, 128].
AbTEM was used to create simulated images from this crystal structure [133, 135]. First,
the crystal structure from Takahashi, et al. was loaded into AbTEM and rotated into plane
that matches the orientation of the experimental image. Then, the electrostatic potential
of the sample is calculated by using an independent atomic model to separately calculate
the electrostatic potential of each atom and add them together. The electrostatic potential
is only calculated from the electron-atom interactions; therefore, in order to create true
simulated images the aberrations from the TEM must be included. An in-house code was
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written to model the effect of defocus and the envelope function within the image. The
result of this code is images that are defocused, CTF-corrected, and low pass filtered to cut
off high spatial frequency information. Panel B in Figure 5.6 shows the final results of this
image simulation procedure.

Figure 5.6: The experimental high resolution TEM image of the neat (i.e. no lithium salt)
SEO crystal is shown in Panel A (note: this is the same image shown in Figure 5.5 (A)).
The simulated image from the crystal structure of PEO, as determined by Takahashi and
coworkers [133], is shown in Panel B. The direct atomic model of this crystal structure is
shown in Panel C. A red circle is overlaid in Panels A, B, and C, to illustrate the similar
circular feature in the model, simulated image, and experimental image. The experimental
high resolution TEM image of the SEO single crystal with LiTFSI at a concentration of
r = 0.15 is shown in Panel D (likewise, this is the same image from Figure 5.5(C)). The
simulated image from the crystal structure of PEO with LiTFSI at a concentration of salt
of r = 0.33, as determined by Andreev and coworkers [134], is shown in Panel E. Panel F
shows the atomic model of this structure. A blue O and red X are overlaid in Panels D, E,
and F to signify the similar features.

In the known crystal structure of PEO, the individual PEO chains adopt a helical struc-
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ture and each helix is arranged in a parallelogram shape. In the experimental image, the
direction of imaging is down the end of the helix. The atomic model in Figure 5.6(C) is
rotated to show the end view of the helices and match the orientation of the experimental
image. In this plane, the main feature is a circular shape of the PEO chain arranged in a
grid pattern. In Panel C of Figure 5.6, a red circle is overlaid on top of one of the chains
to indicate the circular feature. A similar circular feature is seen in both the experimental
and simulated images in Panels A and B of Figure 5.6. It is quite remarkable how well the
experimental and simulated images agree.

A similar procedure was used to create simulated images of PEO with LiTFSI. The struc-
ture of bulk PEO crystals with LiTFSI at a concentration of r = 0.33 has been determined
previously by X-ray scattering by Andreev and coworkers [134]. After a thorough literature
search, this is the only study that I could find that fully determined the crystal structure
of PEO with LiTFSI and provided atomic coordinates. Therefore, since this is the best
known structure available for image simulation, it is reasonable to assume that it will not
match perfectly with the experimental image due to the significant difference in salt concen-
tration. However, image simulation can still provide clues to understand the contrast and
features seen in the experimental image. One notable feature in the experimental image of
SEO/LiTFSI at r = 0.15, shown in Figure 5.6(D), is a repeating pattern of X’s and O’s. In
the simulated image from the bulk structure of PEO/LiTFSI at r = 0.33, X’s and O’s can
again be seen (refer to Figure 5.6(E)). The atomic model of this structure, shown in Figure
5.6(F), provides greater insights into the origin of these features. In this atomic model, the
O formation comes from two TFSI molecules stacked on top of each other that each adopt a
semicircular formation, highlighted by the blue circle in Figure 5.6(F). The X shape can be
attributed to a TFSI molecule interacting with a PEO chain, and is highlighted by the red
X in Panels D, E, and F, of Figure 5.6. Although the agreement between the experimental
image and simulated one is worse than that for the neat sample, this exercise provides some
insights into the structure and features that are seen in the experimental image of the SEO
with LiTFSI.

5.3.4 4D-STEM

To confirm the crystals produced were true single crystals, 4D-STEM (i.e. scanning nan-
odiffraction) was used. In 4D-STEM, a converted probe is scanned over a region of real
space and a diffraction pattern is recorded at each probe position [136]. Each diffraction
pattern is then a 2D image, thus the name 4D-STEM comes from the dimensions of the
raw dataset: a 2D array of images within a 2D array of probe positions. One of the original
goals of this project was to use high resolution 4D-STEM with reconstruction techniques like
ptychography, center of mass imaging, or differential phase contrast to investigate how the
information from 4D-STEM techniques would differ from the information in phase contrast
bright field imaging [137–140]. However, one of the well known problems with using a con-
verged electron probe is that an extremely clean sample is required because the converged
probe encourages hydrocarbon contamination and buildup - a problem that is inconsequen-
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tial for bright field imaging with a large, parallel beam[141]. In this study, I was never able
to come up with a method for sample preparation that eliminated hydrocarbon buildup, as
many of the conventional methods of cleaning the sample (heating, plasma cleaning, and
beam showering) would destroy the fragile polymer crystals. Thus, low magnification 4D-
STEM was used to scan over the whole area of the crystal, rather than trying to obtain high
resolution information from a small area. In the low magnification scans, the beam is spread
over a larger area in real space, therefore minimizing the hydrocarbon contamination that
occurs from a very concentrated beam. The dataset that is acquired from 4D-STEM has
an enormous amount of information in it. Since there is a diffraction pattern recorded at
every probe position in real space, so called ”virtual images” can be calculated out of the
diffraction data. In this calculation, a virtual detector is defined by a region in reciprocal
space that mimics the area of a bright field detector, annual dark field (ADF) detector, or
even separating individual diffraction spots. A 4D-STEM dataset was collected on the neat
SEO crystals at room temperature. Figure 5.7(A) shows the mean diffraction pattern that
was calculated by averaging all of the diffraction patterns together. The red circle in this
figure illustrates the virtual ADF detector that was used to calculate the virtual image in
Figure 5.7(B).

Figure 5.7: Panel A shows the mean diffraction pattern calculated from all of the scan posi-
tions in the 4D-STEM data collected from the neat SEO crystals. The red circle illustrates
the position of the virtual ADF detector. The image that is calculated from this virtual
detector is shown in panel B.

In further analysis of the 4D-STEM data of the neat SEO crystals, virtual detectors were
placed around the pairs of 120 diffraction spots. Panel A of Figure 5.8 shows the same mean
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Figure 5.8: Panel A shows the mean diffraction pattern calculated from all of the scan
positions in the 4D-STEM data. The two red circles illustrates the position of the virtual
detector, and the calculated image is shown in panel C. In panel B, the virtual detector has
been moved to the other pair of diffraction spots, and the calculated image through these
spots is shown in panel D.

diffraction pattern from Figure 5.7(A) except the virtual detector has been changed to only
include the intensity from the indicated pair of 120 spots. The image that is calculated
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by this virtual detector is shown in Figure 5.8(C). Likewise, virtual detectors were used to
image through the other pair of spots (Figure 5.8(B)) and the calculated image is shown
below in Figure 5.8(D). These virtual images in Figure 5.8(C) and (D) show sectorization
and crinkling within the single crystal. These phenomena have been observed before by Lotz
and coworkers [127], but this is the first time that 4D-STEM has been used to obtain this
kind of information.

5.4 Conclusions

The relationships between the polymer chain structure, the local environment of lithium salts,
and the macroscale transport properties are important to understand in order to engineer
better polymer electrolytes [122, 142, 143]. In this chapter, cryo-TEM was used to produce
atomic-scale images of crystalline PEO domains within a single crystal of an SEO diblock
copolymer. A new experimental method was developed to incorporate LiTFSI salt into the
PEO and still form a crystalline structure. The single crystals with and without lithium
salt were imaged using high resolution cryo-TEM to see how the polymer chain and crystal
structure change across a range of salt concentrations. The crystal structure of pure PEO has
been determined via X-ray scattering and the structure matches that in the single crystals
[128, 133]. The structure of PEO with LiTFSI has also been determined previously by X-
ray scattering, but only one single salt concentration was reported on [134]. TEM image
simulation was used to compare the experimental image to simulated images of the known
crystal structures. Further investigations, perhaps using molecular dynamics simulations or
X-ray scattering, are needed to more precisely understand the crystal structures shown in the
high resolution images. Yet this work still is a valuable first step in developing techniques
that are capable of producing direct images of polymer electrolytes with lithium salt at
atomic resolution.
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5.6 Supplementary Information

Figure 5.9: Panel A shows the HAADF-STEM image an SEO single crystal with LiTFSI at
r = 0.15. The yellow square highlights the region from which EDS was calculated. Panel B
shows the EDS spectra. The presence of fluorine and sulfur confirms the incorporation of
LiTFSI in the SEO crystal.
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Chapter 6

Conclusions

In order to intelligently design materials, a thorough understanding of how the material’s
structure correlates to its properties is necessary. In polymeric materials, scattering tech-
niques are often used to gain information about the material structure. However, scattering
techniques average through the bulk of a material and produce information in reciprocal
space, so there may be ambiguities at times to translate that information to position space.
Cryo-TEM presents an interesting opportunity to produce direct, atomic-scale images of soft
materials, yet it is rarely applied to synthetic polymers due to their inherent disorder and
radiation sensitivity. In this dissertation, a variety of synthetic polymers are imaged with
atomic resolution by cryo-TEM. This ability to directly determine the atomic structure of
synthetic polymers is vital to advancing polymer science and rationally designing functional
polymer materials.

In Chapter 2, my coworkers and I synthesized a series of polypeptoids with different
halogen substitutents and imaged them in high resolution. By combining the atomic-scale
images with atomic-scale molecular dynamics simulations, we concluded that the covalently
bonded halogen atoms in the polypeptoids interacted with each other via halogen bonds to
change the crystal motifs at the atomic level.

In Chapters 3 and 4, we studied the effect of fixed charges on the self-assembly of the
polypeptoids. We synthesized polypeptoids with a bound amine and protonated it with two
different strong acids. These polypeptoids self-assembled into either nanofibers or nanosheets
depending on the relative abundance of bound positive charges. Additionally, the unbound
negatively charged counterions were imaged in atomic resolution and these results are dis-
cussed in detail in Chapter 3. The images in Chapter 3 are the first ever images of mobile
counterions next to a synthetic polymer and represent a significant advancement in the study
of counterion condensation.

Chapter 5 applies the same cryo-TEM techniques to a more conventional polymer in
poly(ethylene oxide)-b-polystyrene (SEO). Highly ordered single crystals of SEO were pro-
duced with and without a lithium salt. The lithium salt was successfully incorporated into
the crystalline PEO domain while still maintaining a high degree of crystallinity. Atomic-
scale images were produced of the single crystals to investigate the effect of varying amounts
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of lithium salt on the structure of the polymer. The ability to study functional polymers with
direct, atomic-scale images is essential to the rational design and engineering of polymers
with targeted properties.
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